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...............1
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Computer Sees ices Systems and Software C mputer Systems, E0incerin4 Informa-
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Preface

The use of solar energy for space heating, cooling, and sup lying
domestic hot water to buildingstis receiving serious attention at present
due to the mounting public awarehez of the. shortageof conventional-fuels-.
'It.is clear that this trend.is'creating an on-rush of solar components of
various designs, all claiming high efficiency tnd potentially significant
fuel'savings if used. The purpose of the research program presently under-
w6y at the National Bureau of Standardt, anO. whose preliminary results are
describe4 in th±c,reiort, is to develop.evalUation-and testing methods
Tjrsalar collectors and thermal storage devices so that the components
c n, be evaluated in a 4aningpl.and consistent way.

( -

' In discussing testing procedures, 'certain commercial components are
Identified in,order to provide'a descriptive characterization of their
features and resulting performance for a particular test., Inclusion of
a given component is this report'in no case implies.a recommendation or
endorsemen-C by the National Bureau of Standards, and the presentation
should not be constructed as a certification thatsany'companent would
provide the indicated p9rformance.' Similarly,-the omission of a Component

,does not imply that its capabilities are less than those of the included
,components. The information presented was obtained primarill-from the
open,literature.. This report is intended tb be informative and instructive
and' not an evaluation of any commercially available components.

cc*
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Devel'Opmentiof Proposed Standards for Testing
Solar Collectors and Thermal Storage Devices

,

James E.Hill, Elmer R. Streed, George E. Kelly,
0 Jon C. 'Geist, Tamami Kusuda

ikl3STRAC\T

A study has peent made at the.Nat4onal Bureau of Standards of the
different techniques that are or could 6e used for testing solar.scollec-
'tors and thermal_ orage devices that 41.e.used in solar heating and
cooling systems. This report reviews the\various testing methods and
outlines a recommended test procedure, in uding apparatus and instru-
mentation, for both components. The reco ended procedures have-been
written ln the format of a standard of the erican Society_of Heating,.
Refrigerating, and Air Conditioning Ehgineera:,and have been submitted to
that orgakzation for consideration.

Key words: Solar collector,, solar energy; satl-ar radiation,
standard test; thermal performance; ,thermal storage.

standard;
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1. Introduction i p

.
The use of solar energy for space,hedting, cooling, andtsupaying domestic hot water '

to,buildings is receiving serious attention at present due to the mounting public awareness
of the shortage of conventional fuels. It -is clear that this trend is creating an on-rush
of sblar,components of Various designs, all claiming high efficiency and potentially
significant fuel savings if used. The purpose of the\research program presently underway ...

. at the National Bureau of Standards (NBS) and.whose Treliminaity results are described in ,

this report,. is to develop evaluation and testing methods for solar collectors and thermal
atorege devices so tfiat the components can be evaluated in a meaningful and consistent. way.

.)

pie manufacturertof a solar collector [1] reports that "on a'fine sunny day,-about.12
gallonsof 140° -.160 °F hot water or,,alternately, 24 gallons of.hot vati at approximately
120 °F can be obtained from a single 12. gallon heater unit if the water is used throughout
the day'''. A second manufacturer [2] proVides a cu/nref calculated "annual thermal effi-
ciency" as a function of hot water temperature. A third manufacturer [3] gives curves of
"instantaneous efficiency" as a function of solar insolation and temperature'difference
between water and ambient. The three diffebent performance levels cannot be compared in
a meaningful way because they were obtained or calculated under entirely different conr
ditioris. A collectors' thermal performance. varies depending upon many parameters, such as,
operating temperature, liquid flow rate, solar insulation, orientation, tilt, time of dr,
wind conditions, outdoor temperature: clearnesy. of the local sky, etc.

It is felt that standardized testing and"rating procedures in a form similar to those
published for reel- burning heating equipment and for air conditioners and heat pumps are-
needed. They,provide an equitable basis for competition among manufacturers.and an essential
bas for design and seleetion'of equipment. .

- - .

In order to.fulfill the identified need for standard testing and rating methods, the
Thermal Engineering Section, Center for Building Technology of the National Bureau Of
Standards.undertook a project in Fiscal Year 1974 with i4port from the National Scienc.
Foundation [4] to develop such procedures for solar collectors and thermal storage qvices.

i.
*

,.
A thoraugh review was made of all available literature covering methods of analysis and

.
methods of testing these components. In addition, visits were_made'to a. number of-facilities
doing testing of solar'components and systems during the latter half of .Fiscal Year 1974.
All of the information was then synthesized and recommgnded test methods for.the two components

/.vere written. The Purpose of the present report is to present the results of this entire
effotr . - .-

..

. .

.
-

In coriduCting the project, it was realized that the performancef solar collectors and .
.
their associated storage devices depends to some.eXtent on the system in which they are
used. However, it was felt that-the evaluation procss for a total,system'was impractical due
to the large number of ways t1.14 solar energy can be applied in 'buildings. Therefore, the
scope of the present program is to develop teatiog procedures for evaluating solar collectors

.
and theAnal storage devices as individual components. As a result of tike recently enacted

2'
Solar Heating and Cooling Demonstration Act ofb1974. [5], NBS is planning to expand the
,results given, herein to de guidelines fsr evaluating total solar'heating and cooling
systems. "

,
. .

,

The.term evAluat on can int- preted in a limited sense qr h broad one "Far exapiple,
it is reasonable to assume that one o the primary' factors in determi ing whether solar

'heatingand cooling 11 be adopted on large scale will be an eb omi one.. (At a recent
meeting dr'the:lnternatlional Solar Ene°rv, Society, It was that this one be the
primary factor [6].)' Likewise, the diffi g, iastallin , operating,"
maintailning, and the safety in using the,d vice mu t als be consider . 'The investigators
of this .studyirfeel that. these factors are 11 impottant. However, rather than attempt to
produce an all -encOmliassing,"standard% i' was felt mo r asonable to liMit the present .

work to the establishment of evaluation p oc-.ures ba ertormance alone. 'Many
of these other factors are addresser,In 12 fere e (7 for'resiaen solar heating and
cooling systems. Theseprocedures .puld t d directly. or As a 1)asis for a broader
evaluation document at a later tim

.

e -

T
aFigures in brackets indicate lit ature references bn page 50.

(
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.
Sections 2 and 3 Of this report covr a review of both methods of analysiS4and methods

.of testing solar collectors and thermal storage devices, respectively, as well as presenting
s.

4 ,

ome of.the relbvant experimental data. In addition, the recommended test procedures are
outlined and the`, full test procedures written in the formatof a standard of the American
Society of Heating, Refrigerating and Air Conditioning Engineers (ASHRAE) are given in
Appendices A:and B, respectively.

In compiling the material that was used as the basis of the present work, a thoroligh
search was made of the available literature including the use of published liter'ature

reviews.inRefprences [8, 9, 10,,11]. In additi,on., the most up-to-date material on Current`
Australian testing techniques for solar collectcrs.was obtained through the assistance of
the late Dr. Ralph G. Nevips Of the Johri B. Pierce Foundation. Mr. Jon:Geiit of the,Optical
Rogation Section, NBS assisted in the evaluation of the state-ofIthe-art in solar radiation
instrumentation. His viewpoint of,the current status of radiometry and its role in the
characterization of.solaf collectors is given in Appendix C. '

The teat procedures in Appendices A and B were originally drafted, dated August 10, 1974,
and presented to a group of Ie. to 50 government, univerpity, and industrial researchers at

a specially covened workshops. A list of the participants at this workshop is given in
Appendix D. Following the verbal, and subsequent written oomments of many of these.partici-
pants, a second draft was prepared and dated. November 1, 1974.

In late November 1974, NBS printed copies (in draft form) of a document entitled "Interim
Performance Criteria for Solar Heating and Coolihg Systems" [7]. This doCument was written
for the Department of Housing and Urban Development (HUD) as part of the.Solar Heating and
Cooling Demonstration Act of 1914 [5]. TheNovember 1 version of the testing documents

were referenced in this larer doctmient. NBS convened,N4ecial panel to review'ithe HUD

document. The panel in turn reviewed the testing procedures in great detail. The make-up

of this panel is also given'in Appendix D. 1

d
At the end of November .697'4, the solar cpllector test procedure was presented to

another workshop in NeV York that was convened for the public by NSF. At the conclusion

of the workshop; a special working group addressed the subject of solar collector testing
and made recommendations concerning the NBS test procedure 42]. eThere was a.similaryork-
shop on thermal sOrage.devices held in Charlottesville, Virginia c. As with the collector
workshop, a special wor,king group made recommendations concerning the NBS proposed test

.procedure [113. .

,s

As a:result of the direct feedback from these various sources, third versions of both

procedures-44ere prepared.. Due. to the large demand forthese documents, they were published

separately [14, 15]. The testing procedures included in Appendices A and B herein are

-7tt'skntially the same as published previously [14, 15]!

At the present time, the testing procedures are being considered, by recer.,Itly formed

committees of ASHRAE as possible ASHRAE Staridards. Members of the NBS team conducting the
currentresearch are active on the ASHRAE committees and will supply the latest results
from this project, as they become availbble.

ie

.

.1 . , ...,

a
NSF/RANN Workshop on the NBS Draft Stan'dai'do for 'Testing Solar Collectors and Thermal
Energy Storage Devices, Colorado State University, Fort Collins, Colorado, August 23, 1974.

0 . '

I.
.

bNSF/RANN Workshop on Solar Collectors for HeAing.and Cooling ofBuildings, New York, . %
.---\

November 20-23, 1974. . ,..,

4 '..

-
cNSF/RANN Workshop onThermal Storage for Heating'and Cooling of Buildings, CharlOttesville,
Virginia, April 16-18, 1975. .

te_
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2. Solar Collectors

The practical use of solai- energy for the heating and cooling of buildings requires'
the collection of radiant solar ehergy, conversion to thermal energy, and the transfer of
the thermal energy to storage or directly to the component or space utilizing the energy.
Because of the distributed nature of incident solar radiation,.speciar collecting surfaces
are required to collect and convert this energy in a cost effective manner.

The judgment used by designers and/or consumers in selecting a specific solar collector fo

is usually based on...some combination of mathematical analysis, experimental.dataocost,
expected reliability/durability. In addition, expel.' entardata is invaluable to the

iTe`pellormance as well as forufacturer, for the Mefinement of collector design to op
verifying the performance at specific operating conditions.

..-, I '' 7 ,
1 .

.Testing of collector. components may be performed in the laboratdry to obtain basic._
thermophysical property data such as pier ab§orptance, emittance, and transmittance.
Laboratory tests can also be pergimed on the total collector and used to determine heat
loss characteristics Under non-ilradiating conditions or total thermal performance untier
irradiating conditions. Solar simulators allowing indoor irradiation tests under controlled
ambient conditions are in use. Outdoor irradiation tests allow one to determine thermal

performance under in-use conditions. .
,

.
. . .

. This section of the report presents a summAry of state-of-the-ar% testing procedures
with typical results and describes °a recommended test procedure useful for the rating of
solar collectors bases upon thermal performance. The resultR of these tests pn be used

. % as 4 reference for procurement, consumer information or even warranty protection.
s . .

2.1 Typical Collector Design and Characteri4ics ....,.

:

... '
.

.

Collectors can be generally classified as either flat-plate,or focusing types. The

a flat - plate'colrector is one in which th absorber surface for solar radiation is essentially
'flat and Where the absorber area is equhl to the aperture for incident radiation. The

focusping collector is one in which the absorber area'is smaller tlian the aperture for .n-
dident radiation and consequently there is concentration of energy onto the absorber surface.

Predominant use of the flat -plate collector for space heating. and domestic water iweating'
appliAtions is attributed to the relatively low temperatures rewired X< 65 °C) as well as
the reliability of operation without moving parts. Towever"some of the current research

.\ an development is emphasizing cooling applications' requiring higher heat transfer fluid
tteMperOures (80-120 °C) and collector designs uhich include optical,concentrating.elements.

. The concentration ratio of iolleclsrs used for heating and coollpgapplications are usually
\below approximately tour orfifE an the generalized analysis techniques for flat - plate

"'

\collectors will usually apply to'ttese types of collectors as well.

6

Another major classification of solar collectors is according to wheteen they use a

liquid or gas as the heat transfer Auld. Water has been the principal fluid, for appltca-

f 4ons in, the lower latitudes of the U.S. but as installationsJin the colder climates become
economical)y feasible, the potential freezing problem may encourage the use of air orpthet

: gaseous fluids. q
,

The cross-sdbtion,of a typical flat-plate liq

Figure 1 [16]. The collector consists of an absorb
two covers, thermal. nsulation and protective pan,
cons ruction with a metal-edge retaining system. Ea

is made of fully tempered clear float glass. The spe

is shown in figure 2 Sand varies from 90 percent in the
aboutl 80 per

figure
at 1.6 Um. 'Integration with the air

a.J .

Aar Mass is approximately equal to the secant of the-ze

i.e.-6
z'
= 0°.(overhead),.air mass = 1.0; O = 60°, air m

. ilr

d-heating solar collector is shown in
r plate with integral flow passages,
d a semi-hermetically sealed edge

3 6 (1/8 in.) thick cover
tral transmittance of the cover glass
0.4 to 0.6 um wavelength raRgeeto
ss 2 spectral,distribution gives

ith anglt (6z) of the sun,l.b.
ss =

S.
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s

\
a total solar transmittance of 0.84. The glass emittance for the temperature range of -20'to

TO °C is reported as 0.90. The absorber plate consists of two diffusion-bonded metal sheets
containing integral liquid fluiI passages. Each,end of the plate has a manifold section for

connection to the fluid distribution system. The glass covered side of the metal plate is
cdated with a black paint which has a spectral reflectance. of approximately 5 percent
throughout the iilsxble and Infrared wavelength regions as shoQin in Figure 3. The eqt/valent
transmission- absorption product as a function of angle of incldence for this type ocol-
lector with 1, 2, 3, or 4 cover glasses is shown in Figure 4 [17]. The product is relatively

constant for incident angles out to approximately 40°.

5 i
0

The heat transfer coefficient:for heal loss put to top:of the colle.2tor is shown in

Figure 5 as function of average plate temperature [18]. The coefficient for 15'2, and 1
covers is relatively linear with ambient temperature over the range of -20° to 40 °C as

shown. Typical thermal response 'for this type"of collector with 2 glass cover Tlates and
with good thermal insulation is 'Shown in Figure 6 [19].

11*

2.2 ,methods of Analysis

It has been shown add'diseussed-by a number of investigators [20-26.] that the performance

. of fiat-plate collectors operating under steady-state conditions can be adequately described .

by the following relationship:
.4N I,

,, +.
glr

'' ..,

o A- =t1 (Ta)e UL
(1:.

ta) 1
(l

1

where
9.0 = rat, of useful energy extraction from the solar colleetorz W

5- -

A = crosssectional area, m
2

0 ,

I = total solar energy2ncincident upon the plane of the solar collector per unit time

per unit area, W/m

(Ta)e= effective transmissiog-absorptance product for the solar collector
c

..

U
1.,

= heat transfer loss coefficient for the solar collector, W/(m
2

°Cr-

,
.

E
p

= average temperature of the ebsvber surface of the solar collector, .0Q'

.. \,

t
a

= ambient 11-.6r temperature;
. .

.
....-

A very similar equation can be used_to de-Scribe the performance of concent.rating:colleCtors

18, 27, and 28J. ,Equation (1) beeomeS modified as follows (18]": '

gu
A
r

(E
r

- t
a

)
.T-- =1

CTa)e p
.0 1, A

a a
4y:

A
4

where_ .'

A
a
'= area of aperture for the concentrating collector, m

2

:
V

/ p = specular reflectance of the-solar collector.refTector

1,)

y = the fraion of specularly reflected radiation from the reflector whim is

intercepted by the solar collector absorbfilg surtace '

-- ,
,

:

.
, 2

.A
i

= abp rbing or receiving area of the concentrating solar collector,,m .

-- . '

Er = average temperature of the absorber' surface of -fle concentrating solar collector,

,

°C

%.,

.

.
*.
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'1 .To assist in

solar collectors,

F' s= [actual

fUseful
'entire
Ust the

, 4.

and

1

obtaining detailed information.b out the performance of various kinds of

it has been convenient to` introduce two'parameters F' and FR where

. -
if

useful energy collected]
energgy collected if the -1
collector surface were
average fluid,temperaturer

7 [fNctual useful energy collected]
ruseful energy, collected if the-1

entire collector surface were
at the temperature,of the fluidl

'entering the.collector 4

Introducing these

4'
factors into equation'(1) results in new performance equations, repectively:

r

A- Fr I .,ra)

e
u Itf t

fe
2

clu

A

A
where

FR [I Ta)
e
- U

L
(t
f,i

- t
a
)]

tf = temperature
,e

t
f,i

= temperature

.If the solar

.

n = (actual useful energy collected)
rsolar energy- incident upon or 1
!intercepted by the collector I.

1

of the fluid leaving the collector, c'-C

of the fluid entering the collector, °C

collector efficiency can be defined as

or in equation form

then

or

Q/A
ro-.7=,

I

the efficiency of the flat-plate collector

rn
(Ta)

e
U

- t a)

I ,

\

tf,i
;tf

e

=..F1 (Ta)
e

F' U 2' to
.I

is given by: f

^4 .

.13

.44

.

44)

11

r

(6)

(1)

r



4,

-:

Or

.4110)

FR (To)e. F

0

4

(t, - t )

.. a (8)

'I
,

tRegardless of v 6h fof=.of,the efficiency eqUation is
5t.se4, equations (6, 1, 8) indicatethat if the efficienc is plot.f**/aiinst some appropriate ..7m a. straigt line will result

where the slope is a functioni-Und the y intercept is some function of (in) . 4In
reality UL is not a co tent but iA1Ara functidn of tlie operating tempErature of the
collector and of the ient weather conditions as shown in Figure.5 IAaddition, the
product (ra)

e
varies vi h incident angle to the collector as shown in gore 4. ,

i

Figures 7, 8, and show typical test results taken from reference [291 for a flat-
plate collector using er as the transfer fluid. The tests were run indoors using a solar
simulator. value of using three cu: :es is that the slopes and y intercepts can be used
'together to determine the values of F F', U79 and (to) . As discussed by Duffle and
Beckman :18],'s:lar collector performhnce for'specific oBerating'conditions cam be predicted
with reasonable accuracy once the values of FR, U1, and (to.)e have been determined.

2.)3 Met4ds of Testing and arimentel Data

The literat;are review of to
procedures identified.herein as
Each method or procedure will
of a Collector such as heat los
Or long 'term efficiency,. The c
using a liquid as the transfer
-and the collected energy canno-
another medium. ,

st methods revealed many minor variations of two basic
the instantaneous procedure and the calorimetric procedure.
'ow the determinat4on of the fpnew-ental characteristics
coefficient, transmittance-absorptance product and short
'ori=etric method is limited nimarily to those collectors
quit because the heat capacity of a gas is relatively m=al
be readily stored and determined wItheut transfer to

When using the tnstantanecus method, one measures the mass flow rate of the transfer
fluid, the difference in fluid:temperature between the inlet and outlet.and the Jr:isolation
all simultaneously and antler ady-state' he instantaneous efficiency is then
determined by

c. (tfi - tr,i)
h

Si'

where"--

cty, = specific heat of the transfer fluid, 3/(kg °C)

I

In the calorimetric method,;One employs a closed system in which the tine rate of change
. of the temperature of a constant thermal mass is measured and related to the incident solar

energy by:

i
I

.

Jn quiA = 0

I m c ;dt
PI

(10)

. I

where

= the

= the specific het of the

t = averagetemperefture

mass of the media in the calorimeter, kg

media in the calorimeter, 'J /(kg °C)

of the media in the calorimeter, °C%

0
ti=e s

Figure 1p shows conheptuall3F the distinction between these two approaches..
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on only has to make measure=ents on or around the collector. The requirement for accurate
There are advantages and disadvantages to each method. With the instantaneous procedure,

measurements is =ore stringent though since 1, ;..t, and I =ust all be independently measured.
In the calorimetric method one only has to measure I and p. of the =ass in the system. If

the calgrimetric method is esployed however, a very careful analysis of the caloriteter must
be conducted in order to eliminate errors due to temperature gradients inside and to minimize
or at least accurately determine the calorimeter thermal losses to the external environment.
It is probably =ore accurate to determine tne "instantaneous efficiency" with the instantaneous
procedure, whereas the average efficiency over a day is prdbably more easily determined with
a calorimeter. In that latter case, one mould not have to determine the rate of temperate '''at
change -..-A. of the mass in tg,calorimeter system, but rather Just the temperature change (/ dt)

and .total of insolation (/' Ide) over the day. In addition, the calorimetric method is
vrimarily limited to those collectors using-a liquid as the heat-removal fluid because the
heat.capacity of a gas is relatively small and the collected energy eeeZot be readily stored
and determined with= titnsfer to another sedius.

_

t

Some of the specific procedures used in various par of the world during the past
ttenty-five years will be briefly described. The procedures will include those for all
types of flat-plate or low concentratio ratio collectors, used for domestic water heating,
space heating, or refrigeration applications.

_ -
Although somas dahestic -date. heating systems numbering in the thousands were used in

Southern California in the 1920'- d 30's and in Florida in the I9L0's and 1950's, the
number of collector was small and tnere is no record:Of attempts to standardize
test procedures. The earliest record of quantitative data related to perfor=ance of flat-
plate collectors in the jhrited States waa published by Brooks in 1936 (.30).
investigation and verificition-of the theory related to the per:thence of flat-plate collec-
tors was commenced by Hottel and Woertz (20) at in the 194's and ultimately resulted
ip methods for predicting long-ter= average collector performance [22]. The application of
these studies led to the develop5ant of a standard test proposed by Whil.lier and Richards
of South Africa [31]a.

-7 South African Froce&-ares

The test apparatus
employs an oi.erhead

..1be liquid is heated to
=aintains a constant al-
are =ede of the followin6

A, -

S

proposed by.Whillier and Richirds [31i°, is shown in Figure 11, and
quid reservoi:r to continuously supply transfer fluid to the collector.
a constant te=perature and flows at a fixed rate while a blower
- speed over the collector outer surfaces. Continuous measurements

parameters:

flow rate, -
.'

b) total incident' insolation iti the collector plane,
c) entering liquid and ambient air temperatures, and
d) temperature difference between entering liquid and ambient air and entering and

leaving liquid.

Tests are repeated for values of entering liquid temperature d'overing the collector -'

in-service operating range. From the(results of tests at approximately five operating. tem-
peratures, the numerical values dt F,, CTU) , and Ftt UT can be determined and the efficiency

of the absorber can be computed for Xny praStical oPergting condition.

-
a
Austin Wbillier had-co=d=cted a major parl--2)f the basic work done previously at'M.I.T.
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The following test conditions are suggested for uniformity:

a) Position the coliector.so that the direct solar radiation ineidence angle is within
.30° Of to the collector,

m2 ,,b) Liquid flew rate of 0.024kg/s per m of collector area (14.7 lb/(h ft
2
i),

c) Constant = over the collector of 2.2 m/s (5 mi/h).
d) The transparent c er of the collector shquld be cleaned before testing.
e) Thecollector,.4 new, should be left outdobrs to age in the sun approximately four

weeks before testing. Thetpurpose is to allow latent defectsin Joints, seals, or
materials of construction to become evident. Often a deRositionof resins or dust
occurs on the inner glass surfaces, resulting from distillation from paints or in-
sulation material.

f) The solar radiation measuring instrument should be carefully calibrated and mounted
. with its sensitive surface parallel to the plane of the collector.

g) The pressure drop,.across the collector should be measured and presented on a logm
log plot of pressure drop versus water flow rate.

Whillier states that the full test of vcollector using this procedure would require only
about three hours of sunshine at any time of the year.

;uqseq-ent studies by Whillier [32, 33) and Khan [34) have stressed the importance of
materials and construction'techniques on collector performance: In order to obtain more
detailed information about the heat transfer mechanisms occuring, tests were performed
(in addition to the outdoor test above) in which basic thermal properties of the cover glass
and absorber surface were measured along with indoor tests on the collector as a whole with
zero irradiation. This latter test involves pumpinghot water through, the collector an
enables one to directly measure a loss coefficient for the collector. One possible source
of error in using this procedure is that the collector surface is radiating to a sink that
is at ambient temperature and tay not approximate the true sink temperature for a collector
radiating to a aorta earth-Lsky environment.

A The South Africans have a1s,, developed and published a procedure for testing solar water
heaters wnere the collector and the storage tank are connected, tne flow occurs by thermosyphon,
and=the two components are tested together as a'single unit [35, 36]a. It is possible to
compare the .performance of collector of different designs 1$ one if careful to control such
factors as pipe diameters, lengths of pipe, thickness of insulation, height of storage tank,
and capacity of storage tank. However, strictly speaking, the efficiencies determined are
representative of the solar water heating svtem as a whole and not Just the-obilector. The
testing procedure covers a seriescof tests/occuring over a three-week period in which the
efficiency is calculated as the ratio of the total energy content of ameasured volume of
water drain off to the total energy incident on the collector surface. The procedure for.
the three-week testin% period is summarized in Table 1. Tests I and II are related to lbss
and storage characteristics of the system and are not'used in determining the average
efficiency.

A comparison of 'the measured average efficiency of 12 water heating systems in which
the primary variable studied was collector type is shown in Table 2. Testing was performed
throughout the year to establish that the efficiency was, independent of seasonal condition.
The two most impOrtant factors influencing the efficiency results of this particular test
program were climatic conditions and the duration of the individual tests:, For example,
tests on a clear day resulted in efficiencies 291percent higher than those conducted on a
cloudy day for the same collector and water temperature. The use of thermosyphon flow
control-and storage containers resulted in5lbstantially large efficiency variations are
averaged out.

aReference [37] also describes a test that wp used for testing.a therlosyphon-type water
heater.
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Table 1 'Three-Week Performance TeSting Program for Solar Water Heaters'[36]

Ar

. r Day Test
Time
(hours) ,

..
Nature of test.

Igt;Week :.
Monday
Tuesday
Wednesday

Thursday
Friday

Sid Week
Monday

Tuesday

WednesdalK
.

Thursday

.

Friday

3rd Week
Monday

Tuesday,
.

Wednegday

...
.,

Thursday

. -
Friday

'

V'

.

.4

.

, I
II -
II
III
IV
IV

.,

I
V (a)

V (b)

V (b)
.
VI

.

VI

I
V (a)

1
VII

VII

-

VIII

, VII/

,

a

-

,

'

-

083Q
0830
0830
1530
1530 --

1530

0830
1400
1530

-1400
1530
1400
1530
0900

,1100
1400 I

1530
0900
1100 ,

1400 It.

:1530

0830
t-1409

1530
0830, -.0930 1

1030, 1130 l.

1230, 1430 J
1530

0830, 0930 1
1030, 1130
1230, 1430 j
. 1530
0830, 0930 1
1030, 1130

1

1430 j
1530

0830, 0930 1
1030, 1130 f

1430 1

1530

, .

Run off all hot water collectedkduring week-end
Run off all hot water

, .

Run off all hot water
Run off all hot Ovate!
Run off all hot water ..
Run off all hot water -

,
Run off all hot water collected during week -end
Run off 15 litres hot water
Run off all remaining hot water
Run off 151itres hot water-...
Run off all remaining hot water
Run off 15 litres hot water
Run off all remaining hot water
Run off 5 litres hot water
Run off 10 litres hot water
Run off 15 litres hot water '
Run off all remaining hot water ----."

"Run off 5 litres hot water , ..
Run off 10 litres hot water
Run off 15 litres hot water
Run 6 f f all remaining hot water,

A - .

Run off all hot water collected during week -end
Run off 15 litres hot water .

Run off all remainmg hot water
.

:

Run off 10 litres hot water-
.

..
Run off all remaining hot water

.

Rim off 10 litres hot water
-..

Run off all remaining hot water .'.

'4-
I .
aStun off all-water above 40°C ..

. 4'
Run off all remaining hot water : '

t
Run off all waterrhbove 40°C.

Run off all remaining hot water

Mbie; (i) For experimental purposgs thoeWater-was---definecate
with a temperature of 5 C or more above cold water temperature.,

(ii) Quantitie of water run off apply to a 70 litre tank, but can
be altered proportionately to suit a larger capacity tank.

4
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Table 2
. .

Comparison of Average Efficiencies for
Different Solar Collectors 136]

#4*

.

Type of absorber
Average

efficiency (%)
.

.

B: commercial radiator
C: tv.o corrugated galvanized

,steel sheets
-D: corrugated galvanized steel .

>, Sheet on flat galvanized steel
t §heet 7t,r-R6. .

1 vt .

-- alumtniUni t,dbe-in-strip' .'-.,
: galvanized\steel pipe frame- .

work on copper§trips.
G-.. Idw-ccist:unit,,galvanized, steel
G: low-cost unit, fibre -glass A

G: asbestos-eement, uninsulated
G: asbestos- cement, insulated
H: copper tube-in:stri-p .

I-: two flat steel plates R.

, . .

J : black polyethylene piping
,

56,4
.

50.8

50,4.
57,1

.

54,6
55,9
55,6
34,7
44,b
49,2
4'8,9
53 5.....z

.

,

.

h Iht f
a
All absorbers were' covered with single glazing and",insulatea on /the,

back. '
,

t.

.40
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Israeli Prqcedures

The heat transfer studies on solar collectors performed by Tabor [38, 39) have rhulted
in relatively large scale use of flat -plate collectors in Israel. The need to establish
an objective test procedure for thq determination of the thermal efficiency in terms
Rrehensible to'scientists, enginee's, salesman and customers" was recognized and a standard

_test code,was proposed [40). The collector properties to be reported are:

a) The total net exposed area (N.E.A.), including only the active absorbed area
b) The area required,AT installation
c). the weight of the installation

/

(1) absorber

unit N.E.A.
d) The volumetric capacity for:

(2) storage tanks

(3) piping and containers
e) The maximum safe operating pressure
f) The weather resistance-

.
g) The corrosion resistance for pkrts in contact with humidity or heated water
h) The quantity of insulating material used per unit N.E.A. and insulating.material

properties:
(1) thermal conductivity

I,

(2) specific heat

(3) 'heat capacity
(4) hygroscopic properties

i) The water treatment requirements (descaling, cleaning, draining, And hygienic con-

tamination)

Additional information to be reported include/ s:

j), The materials used '

4.10`(type, quantity and gen,rl*diMensions)
k) The thermal efficiency reported as a function of temperature

1) The aerial efficiency: qa

m) The orientation efficiency: n
or

A,

The term "aerial efficiency" refers tO"the ratio of the diet exposed area to the total area
for regular operation and maintenance of th4 system such that

AN.E.A..:Atotal

The "orientation efficiency" is defined.as:

n = cos
or / m

111171

and is the mean daily value of the an e between tfie incoming stilar fluk and the. normal axis

to the N.E A. This value defines th relationship, between the N.E.A. and t6e area of the

projectio of the N,E.A.' For examp the orientation efficiency of a tracking solar collector

would, be 100 perc6t.

1 day
tidt

.
(12)

(13)

.Z

The actual test procedure fo determining the thermal efficiency of the'collector is

'described Wreference,141) and 's very similar to the procedure pi-OPOsed by Whillier and

Ilicbards [311 (see Figure

"1 a

49.



In connection with work on solar power units, the Israelis have also developed a quick,
and simple way of measuring the output and/or efficiency of a collector at a given site
of interest [42]. Depending upon whether the collector operates at essentially a constant
teMperature, for example, when boiling a fluid to drive a turbine - or for heating water
on a once-through basis, two different schemes are used.

The apparatus shown in Figure 12 is used with boiling fluids. A fluid having a boiling
point approximately that of the design temperature boils in,the collector, the vapqr- emerging
is condensed and returns'by gravity to. .the collector. On its way back, the liquid condensate
is measured by etipping-bucket flow meter of the type used in some rain gapges. A mechani-
cal counter indicates the number of times the bucket has filled up. A drop separatpr is
inserted in the vapor pipe to prevent liquid drops from being carried over to the condenser.
The

It

apparatus is automatic; no power supply is needed. For daily output totals, it is
necessary only to read the counter in the morning and evening; if the variations of yield .

during the day are requirid, the time at which the counter clicks over is recorded on a time
chart or by an observes. If thermal efficiency is required the insolation must also be .
measured.

The Israelis built this'apparatus for use with a typical collecto5 operating at 100 °C
(using water as the transfer fluid). The bucket had a volume of 80 cm and the apparatus
gave about 40 counts per day with an uncertainity of approximately 2 1/2%.

Whea.othe fluid is only being heated and no boiling occurs, the apparatus in Figui.e 13
is used. Here, it is necessary to control the flow of liquid through the collector, so
that,, on a oncg-through basis, the fluid is heated from the inlet temperature to the outlet
temperature.' A single thermostatic control is used. A scaled bellows, containing a fluid
such as acetone (the fluid is chosen to give convenient pressures at the maximum eXpeCted
test temperature) islinserted in the upper header of the collector and controls the flow
of heated liquid from the collector (or a commercial liquid expansion thermostatic valve
can be used instead). The fluid cannot return to the system after heating and a reserve
tank adequate for one day's operation must be provided. The inlet temperature should be

known to a reasonable accuracy and should preferably be constant. The reserve tank should
therefore be large,,preferably insulated and shaded from the sun.

RecOhtly, Tabor [43] has described,a testing procedure aimed at defining the "governing

equation of the collector". The "governing equation" that is the basis of the analysis is

very similar to equation (3) The uniqakfeature of the Proposed procedure is that several
collectora (say four) are connected in series arid the,'/ temperature rise of the transfer fluid

is.Measuked across each. Since, at any instant of time, the'flow rates and the solar inten-

sity ar identical for all the collectors, a number of points on the efficiency-temperature
plot a e obtained from which the characteristic equation of the collectors is established.
Tabor also outlines a procedure for limiting the temperature rise across an individual,col-
lect r as well as specifying the way to correct the curves to "standard day" conditions.

Australian Procedures

Testing for rating of solar collectors with application for domestic water heating and
residential space heating is a major area of study'in Australia. The meth used currently

by the CSIRO [Commonwealth Scientific And Industrial Research Organization Division of
Mechanical Engineering is to determine an equations of the instantaneous efficiency as a

function of the radiation level and temperature difference between the mean fluid temperature
and the equivalent temperature of the surroundings (44, 45):

"'

a

.



The analytical basis used by the Australians in defining the instantaneous collection

efficiency is an equation very similar to equation (7):

F' U
L

(E
w

t
e

)

no. I

n
o

= local efficiency at the collector inlet when the inlet temperature t is equal

to theoquIvalent temperature to (essentially equal to P
0

(To)e), -C
f,i

E
w

= tf,i tf,e = mean fluid temperature.in the collector, °C '

2
to = equivalent temperature of the surroundings (essentially equal to to - 3), °C

Since the loss coefficient U
o
- (= F' U L ) is approximately linearly related-to the temperature

difference

U
o

= b <E
w

t
e

) (15)*
.

d /

the efficiency of the collector can be expressed as a second order function of the.tempera-

tura difference: e.
,

e ' .

2 '
- t ' - toe -., (.16)

n = n a .

E
w-- - t.I

Ew

0 I I
. . * c'

-Currently, wind effects are not taken into account because to little is. known of the

nature and modelling of wine.

. The efficiency is determined over a 10.minute period by flomilog constant temperature
Mad ifiro the collector under test and measuring the.solar°radiation intensity, mass flow

rate of fluid, inlet and outlet temperatures, sky temperature and wind speed and direc-

tion over the test period. The test rig is shown schematically in Figure 14. The collector

to be tested is mouhted on an orientable stand which considerably extends the, period available

i
during, which 'steady' radiation conditions can,be achieved. In addition, anglof incidence.
,effects are eliminated as the collector is faced directly at the sun for a given test. ;

. .

The constant temperature water supply can be quickly preset to a deSired level and 4on-

,stant flow is assured by using. a constant head. system. A series of data points are generated

by 'varying Ew (and,hence E - t ) at a constant value of I. It is apparent from equation-,(16)

thatotests conducted, at different values of solar radiation will not giye the samevalue of

efficiency for a constant value of (E
w
- t

e g
)/I, though this is not of conseqience at lower

values of (t - t )/I.
..4

.

e A :w
. .

'faxing measured a series of values
.

of n 41,t constant I, 4 second order fit in

o

(t - te
-,
)

cap be made and the values of n , a and b found.. Thbk,results of a typical test are s hown
,...,

in Figure 15. .
. ,

(
. r

q %

.

It is apparent that with many collectors, high values of (1'w -: t()/I at high radiation

_levels expected with on origntable-collector will'lead to boiling of the water. One method 4

of overcoming thitproblem,is to place an attenuating mesh completely ovenkthe collector
which reduces the radiation level by about a factor of 2.4It;is then possible to generate
another curve at a lower value of I and take into account the full range of efficiencies

experiences in operation from'n to zero. .

o L .
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Acause of the difficulty of genefAtj.ng7data points with all variables atinstant,except
mean flUid temperature, anther test facility hits beef' used%IiA combines a number of
identical collectors in series similar towhet has been deschipedb Tabor [43]. It is
possible to generate a greater*number of data Obiuts in a givtli time than Withithe single
rig,_but the timed available for testing are limited aute of he;fiked orientation of
the collector. The methods togethet with some i ai'resulte, is'g n in reference

e

Testing of Plastic-Bag Watel Heaters*"
4 .

Solar water hpatet-r using plastic as the cont een Used itJapan
. .

[47, 48] and have been studied in the United States with the i a of reducing collector
costs. Harris et. al. [49, 50] have applied conventional t -: -:tie collector theory to

obtain semi-empirical correlations, for the performance of blailti ter heaters. The unique
efeature of their approach [50] to valuating the collectbrs tsith the thermal lOses (by

convection and conduction)_ are determined separately from the optical losses (due to absorp-
tion.and reflection in the cover plates),_both being dete nel',,expert;mentally. Basically
the same test procedure is used in both cases; however, on ries ottests is run with the'

water essentially at ambient temperature so that the losses-ea all/be attriZuted to absorp...

tin and reflection in the covers. These losses are then"subtract4 from the total losses
determined.at higheroperating temperatures thus resulting in a,determihation of the thermal
losses. A large numbpr of tests are ,run and statistical methiAl°are used to correlate the
performance of the collector with,a1.1 the important operatifig vaiiabWa.

*,

Modified Instantaneous Rrocedures ' 0 .°
.

,
. .. d 4;

.....

Bartera and Davis [51] have reported the-testing of a doublevglazed flat -plate collector
in which the results were analyzed in terms of what are call,ed-effectava-absorptanc8 and
effective heat loss coefficients. The effective heat. loss coefficiefit is shown in Figure 16

and was obtained by pumping hot ter through the collector at night and measuring the tem-
perature drop and flow rate thro gh the collector. A convetOtionali4stantaneoul,,pfficieacy
type test was then run during day and the results plotted as ,shown in Figure 17. Lines

were drawn to Join the points, e lly distant from,noon (equal angle of incidence) and all
.the lines were drawn with a sloRe equal to the effective ritatKicissscoeffidient previdusly

ndetermined. The intercept of these lines with the efficiecy aXis
1 0
givps the effective.absdrp-,

,10

tancp fok those times. Since one can calculate the corresponding angle of incidence, the
*curve sh6wiPiln Figure 19 was driwn. All of this analysis is consistent with the assumed
goVerning equation for the solar collector, one similar to equation (7) whtti F'{ta) corre-
sponds to the/effective absorptance and F' UL, the, effective Hes loss coefficient. eThe
results in Figures 17 and19 can be considered to define theoperatingcharacteristics of.the
colleCtor and should allow one to predict its.performanceunder specified'cobditions,

.
0

Another Eedification to the use of the instantaneous test procedure it to assume that
an equation such as equation (8) adequately describes the performance of the collector once
the parameters (Ta) , F , and U, have been determined.. The test results are then simply presented
in terms of the deviation from thiA assumed. performance. Thisawas the.lpikroach used by

Moore, et.al.
,

[52] in a report of the performance of three different flat-plate collector.
panels where over 300 data points l'iretaken. The average prediction error and standard,

' -deviation in brediction error for the 300 points was is.follows: . % -,
r

,.
.. -

. .

. Average ' - Standard Deviation

Glazings Prediction Error ,.'- of.PrediCtion Error

Btu/(h ft') .6:: , Btu/(h ' ftz ),

Panel

1 t 1 -1.5 p:0.6

2 .
',,,

4.3 -1- 0.6

2 6.4 + 0.7

.

14.

22

'

:

10

10
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Data points. taken during obvious transient periods were not used in the analysis. In addition,
the selection of data from tests performed on cloudless days.near solar noon exhibited
appreciable less scatter as shown in Figure 19. The diagonal line 'represents exact corres-
pondence betWeen predicted and measured performance and the horizontal nce of the points
from the line is the absolute error_in the output. A similarpld'e is shown n Figure 20_for_
a 236 a? (2540 ft2 ) collector array used on one of.the recent NSF-sponsored hoolheating
projects (53]. ,

Collector Testing at the University of Pennsylvania

A consid14able amount of work was done in the period 1971-1974'st the University of
Pennsylvania's National. Center for Eqergy Management and Power related to the use of solar
collectors for.supplementary heating in buildings [54]. In addition to developing a sophis-
ticated analytical model for predicting the performance of solar collectors [55], three
different test facilities were designed; constructed, and successfuhy operated for the
testSIng of water heating flat - plate collectors [56]. All were operated in the conventional
way for determining instantaneous efficiency (measurement of th, At, and I).

One facility [57] consisted of twin 0.3 x 0:3*m (1 x 1 ft) collector mounts which per-
mitted the simultaneous testing of a reference collector and a developmental collector con-.
figuration. Thus both absolute and relative performance values for various collector designs
were obtained. The standard collector bad a double-glazed cover plate with 9.5 mm (3/8 in.)
air gap spamoings and the absorber was painted with .flat -black paint. The second facility [56]
was a 1.2 X 214 m (4 x 8 ft) vertical rack enabling the testing of a full scale yertical collector

-.facing south. /Nth the first fiellity, it was mounted on the roof of a 4-stdry campus-
building. Tile t gracility [56] built was for testing 1.2 x m (4.x 4 ft) modular efol-
:lectOrs with Any orientation and tilt and was a complete' portable facility.

All three experimental facilities consisted essentially of the collector, a heat transfer
wester flow loop and the measuring instruments. In the 0.3 x0.34m 41 x.1 ft) and 1.2 x 2.4 m

x 8 ft) test facilities, the water temperature was maintained constant at the inlet to
the absorber plate by means of a system combining an autpmatic temperature controller and
electric heaters, and could'arbitrarily be varied (no temperature control exist:134;...140.1.2
x 1.2 m (4 x 4 ftl.test facility). The flow was regulated by means of needle v .-- The,
insolation was always measured by a glohal pyranometer which was located next to the collector
and in the -same plane. -

The 1.2 x 2.4 m (4 x 8 ft) test facility is illustrated in Figure,21. A 0.16m3 (42 gallon)
dom stic hot water heater was used as a prekeater for the inlet water. Finer control, to

± 0.75 °C, was-accomplished by subsequently passing the water through a 12 mlength
Yev*A--

of copger tubing immersed in an oil bath. The temperature of the bath was maintained by a ,

tempefEture-controlldt. 1 kW heater. The water then passed through a 3.2 x 10 5 m3 /s (1/2 gps0

capacity pump,the collector, a liquid-to-air heat exchanger, and back to the water heater.-
The heat exchanger was there to extract heat from the water in order to make closed-loop
operation possible. It was forced-air-cooled by a louver-thrpttled fan.

The 1.2 x 1.2 m (4 x 4 f
" loop was closed and designed

contained, hOwever, no preheat
was rejected from the loop by a

) test facility is shown schematically in Figure 22. The flow-
imilarly to that of the second facility described above. It

s. The liquid was circulated by a centrifugal pump. Heat
an-coil unit with its lan'speed regulated by a variable

autotransf6rmer." An expansion to fitted with a glass "S" vent was included in the loop to
allow for thermal expansion of the liqiiid. .

>- '--*

Nineteen different collector were tested in the 0,3 x 0.3 m (1 5c 1 ft) test apparatus
and One each tested and reported the ther two facilities [56, 585'59]. In addition,
separate.tests were conducted inddors to d- ermine the heat lass coefficient by circulating
hot-water through the collector and measuri the energy loss .

' ,
. . .

a
It should be noted that the heat loss coeffi
inside as as much as a factor of 3 smaller
severdl of the colletors. The,heat loss co
from the' slOpe of-the, efficiency....wersus

.a.",.A

ient for the top of the collector as measured
bah that indicated from the outdoor tests Poor
fficient under outside conditions was determined
plot.

A.*

-*
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-.A collector in which the absorber was coated with flat - black, paint and the cover was

two panes oS glass was tested on all three facilities-. The results for the 0.3 x 0.3 m

el x 1 ft) collector were adjusted so that theedge loss was cpmparable to that of the lar-
ger collectors. The results for ald three_ collectors are shown in Figure 23: Scaling up ,

the-Performance of a small `collector module and compensat,ing for edgeolossts appear? feasible'

from this data. .

,,
.

.

. _

. The University of Pennsylvania has also just recently published What" is called art ';Intel m

Standard for Solar Collectors" [60]. It it written in the format of an industry standard and

in many ways is similar to standard test procedure described herein and incIUded in Appendix
A. However, in addition to specifying the testing and rating procedure, other factors such
as safety, durability, and the use of materials-are addressed.

. . .. ,-.
. c j

e. ..° _

0 .. .

The technique used to test and rate the collectoir oh thermal performance is the instan-.
taneous procedure where one measures M, At, and I. The major difference between the procedure
being recommended by the. University of Pennsylvania and the one included in Appendix A is
that the former requires day long testing and the reporting of a daily efficiency whereas
the NBS procedure requires only 15 minute integrated efficiency points as will be explained.

, "

.
. ,--

Day-Lo ng Tasting
,

A.

eh'. The value of determining average daily effickency'of a collecto'6as been Acognized" by

- a number of inveseigtitors. and proposed as the meaningful way to report performance. Either

of the two basic teslitechniques.could be used. However, the instantaneous procedure requires
theintegration -of the appropriate energy quantities for the day whereas the calorimetric
technique is more directly apOticable provided the calorimeter has the capatity of absorbing
the energy collected througho ut the day.

San Martin [61] calculated instantaneous efficiency from measurements of ,M, At, and
taken at 12 minute intervals (instantaneous values, not integrated) for three different col,-

lectors over a six-month period. Typical results are shown for one-day in Figure 24. The

inlet fluid temperature/to the collectors was not controlledand varied between 60 and 70 °C
(140 and 160 °F) during/the day. The results were also used to compute a daily average effi-

ciency as shout-Lin Figure 24.

Similar results are shown for a commercially available double-glazed collector with a

flat-black absorb in Figure 25 [66]. Data was taken.ever'g\30 minutes (instantaneous, not

integrated) to makc, the plot. The data from a dayilong test such as this can also be used .

to plot the conventional efficiency versus At/I (or just At) \urve as shown in Figure 26.

Arthur D. Little Solar Calorimeter

The calorimetric technique has been adopted for use by th Arthur D. Little Company as

explained in reference [67].
t /

The collector delivers heat to a carefully - controlled wate chamber in which the rate

'of heat addition,is measured. Heat can be automatically extrac ed so as"to maintain the
4ellection water flow temperature to a nearly fixed value if de iced. Sufficient liquid

yolume isAsed to insure quasi- steady state collector performan e.

The calorimeter is shown in Figure 27.and a schematic of it ,operation in Figure 28 [68].

For measurements of the collector efficiency, a two channel recorder mounted in the, calori-

meter housing is used to display-the rate of heat addition and the incident solar radiation.

The measurement of instantaneous rate of energy delivery 'is accomplished by a resi time
differentiltor giving the time rate of'dhange of temperature in_the liquid"storage tank.
°Automatic control of the heat'shield, heat transfer fluid pump,.and heat exhaust,is also
indicated in Figure 28.

17*;
,1

a.
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-- For long term testing, the fully automatic operdtion of the calorimeter can be utilized:
By using*the automatic removal of heat from the calorimeter chamber to maintain -the collector
'fluid temperature.at a preset value; a very4accurate accounting of the long term integrated
heat delivery of a collector can,be made.

Collector Testing at the NASA Lewis Research Center

Perhaps the'most comprehensive test,program to date for evaluating solar collectors has
been undertaken at the NASA Lewis Researth Center,inCypveland, Ohio [29, 69-77]. The major
portion of the work has been done on'anIndoor testfacility using a solar simulator (69];

.
however, just recently an.outdoor facility has been made operational (I3]. The experimental
technidue being used is the conventional instantaneous. approach in whith M, At, and I are
independently measured. .

s
, .

i.
. ' . .

. .

A schematic of the indoor facility is shown to Figure 29 and description summarized in "
Table 3. The simulator is com Sea of lamps, lenses, and cooling equipment. The lamps are -.
commercially available units hoisting of an integral tungsten-hPlogen lam); add reflector
assembly. The reflector has a ichroic coating that absorbs infrared radiation, thereby-

,, reducing-the infrared content of the reflected radiation. 'During operation, the lamp voltage
is adjusted with two dUtotransformers, each transebfter supplying power to half the lamp.
The lenses are commercially available frpsnel type.

.

.
-,, .

. .
.

6 ,... A useful method of determining how Well a, polar simulator's spectral distribution matches
the sun is to compare how vart6us materials respond when irradiated by the simulator and by
the sun. Tabfe44 provides a comparison of properties,4including absorptivity of a selective

.coating, the transmittance of ordinary.window glass, the refleCtance of a silicpn solar cell,
under radiant flux with the spectral distribution of air mass 2. and of the solar simulator.

,

The spectral irradiance frqp the simulator has been shown to be essentially coat'an't.over the,
range of lamp voltageh used during testing (90 to l20 V) [69].

4 - #

The flow loop for the indoor,test fhcility is shown in Figure 30 and consists of storage' \

and expansion tanks, pump, heater, test collector, and the required piping. The hot fluid .\

storage tank is a,commercially available water heater for home use. The.tank haStwo.elec-
trical immersion heaters, 500 W each, and hada capacity. of 0.3 nO (80 gallons). The pump
is a sear type unit driven by a-187 W (1/4 hp) electric motor through a variable speed dAve. 1.

A liba% exchanger using cityyater as a coolant-is used to control the temperature of the .

... collector coolant fluid at the collectog inlet. A 50/50 by weight mixture of.ethylhne-glycol
4.

an water is used in the liquid loop.' The specific gravity, of the mixture is checked with a
precisibn grade hydrometer. To suppress vapor formation, the entire flow loop is pressurized
to approximately 1.03 x 10' N/m2 (15 pSig) by applying'a regulated inert gas pressure to the
topof tile expansion tank.

.
.

.
. .

. . .
, The collector to bp tested is mounted on a support stand that allows rotation about either

the horizontal axis or the vertical axis. This permits variation of the incident angle of
the radiant energy to simalate both seasonal and daily variations, Mdasired.

'N".<
, . .

The test procedure that has been used involves mounting the collectors on t.he Iest,stand
and positioning them so that,the radiant flux is either normal to or at different angles to
the collector. Variation of the incident angle is accomplished by rotating the test stand
about the vertical axis. 404IV'Of the reported tests have been run at an incident angle of
zero degrees and a tilt angle of approximately 60 degrees. Although the flow-rate is adjus-
table as indicated im Table 3; most tests have'been-run at a value per unit area of 0.0114
Aig/(s :.m2) (10 lb /(h , ft2 )) . , 0.

.

Before the simulator_is turned cm, the colldctor is given time to achieve thermal equili-
brium at the inlet temperature chosen,/lh br more). After thermal equilibrium is established
for a given inlet temperature, the'simulator is turned on and the desired radiant flux is ob-
tained by adjusting the lamp voltage. After steady-state conditions occur, usually in 10 to
15 minutes, data are recorded. The radiant flux is then readjusted to a second value at the
same collector inlet.temperature, steady-state conditions obtained, and data again. recorded.
The collector inlet temperature is then set to another value; and the procedure repeated.

0
1.7 i5
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Table 3 NASA Lewis Solar-Simulator Summary [29]

Radiation source,

143 Lamps, 300 W each

GE-typeELH, tungsten-halogen Dichraic Coating

12 Total diVergence angle

Test area, f

1./ x 1.2 m 4.x.4 ft)

Test condition limits,

I

Flux; 470 to 1100-W/m
2

(150 to 350 Btu /(h ft2)).,

Flow: up to 6 x 10
-5

m
3
/s,(1 gpm)

Inlet temp; 24 to 99°C (75,°44.to 2f0°F)

ind; 0 to 4:1_m/s at'24°C-(0 to 10 mph at 75°F).
o -

I

26
18
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. . Table 4 Comparison of the NASA-Lewis Sorer Simulator
and Air Mass-Characteristics [29]

1

Frequency Range of Irradiation Air-Mass 2 Sunlight
.

Simulator

Enei-gy Output,

1

*Ultraviolet
.

.

-
risible

s .

,.

,

A
Infrared

,

.

2.7

.
,

44.4

52.9 .

0.3

- 48.3

51.3

Teit Item . Thermophysical Performance
.

Selective Surface Absorptivity

Glass Transmission
e

Al Mirror Reflectivity

,

Solar Cell Efficiency, %
az

0.90

0.85

.

0.86

12.6

_ .

0.90

: 0.86

o.88.,

13.4.

e

9w..

.



Typical data reported for this facility were previously given in Figures 7, 8, and 9
[29]. The procedure of reporting the data in other publications [70, 71) has been to show
the three different plots which require the determination of average absorter plate tempera-
ture, inlet fluid temperature, and exit fluid temperature in addition to measurements of
At, and I. However, as noted previously, this does enable one to calculate the value of
F
R'

F', UT, and (To)
e

, thus defining the pertinent performance factors for the collector.
rIn one othe recent publications [29], the sa=mary, performance data for fifteen different

collectors described in :able 5 was presented as shown in Figure 31°.

.It should be noted that a similar indoor test facility has been built at the Honeywell
Corporation and results have been pfesented.[78-80).

A simplified schematiC of the outdoor test facility recently constructed at the Lewls.
.

Center is shown In Figure 32 [73]. As in the case of the indoor facility, the liquid in
the flow loop is a mixture of 5C percent ethylene-glycol and 5C percent water by weight.
A qgnventional home-hot-water heater (0.3 m3 capacityi is used for storage. The electric
heating elements in tne storage tank are controlled by a thermostat. The storage tank neaters
provide a teady means to raise the temperature cf the ent.re liquid caner. des:red. A centr:-
fuel. pump, driven by a 18- W (11- np, electric. motor, circulates the liquid. A filter pro-
vines continuos filtration of tne liquid. A convehtional neat exchanger, :`_t..
an on-off .f,an control, is fused to re,`ect energy when desired. A ay-pass around tne heat
exchanger and the associated proportional control valves perm_: modulation of tne liquia
temperature at the outlet of the heat exchanger.

The flow through earn collector is manually ad,usted -4:n a remotely operated valve.
The flaw rate through the collector byrpass line is controlled to maintain a' constant pressure
in the collector inlet manfifotd.. Thus, when the.flov rate through one co".---or is varied,
the flow througn tne remaining collectors remains constant with no ad,fustment 'of the flov-
control valves. The flow rate through each collector is determined with a calibrated turbine-

flowmeter. Auxiliary heaters' vita electric immlersion elements are located at the inlet
of each collector. These heaters provide a controlled variation of inlet temperature from
collector to collector. The liquid di.cnarge fr-it tie collectors is returned to the storage
stank. An e0ansion tart accommodates volume _ranges of the liquid. The,faoility includes
two identical loops (only one indicatec on 'Figure 32 w_on the capability of testing tea=
collectors simultaneously.

=v.

Preliminary results from tnis facility are given in
at the 'Lewis Research :enter frEm two copper r4az- transf
with a nonselectj,ve black paint ;s,-,far abscrptance = 1.97
over the panels and 10 cE (- in.: of glass fiber insulani
parallel, each measured 0.56 x 1.1 = (22 x 1.5 in.:. The
frame were 1.2 x 1.2 m (18 x 19 in.).

Figure 13 for a collector abricated
er.anels. The panels were sprayed

No-glass covers were placed
on The panels, plumbed in
outside di=errions cf the collector

Testing of Air Collectors

the potential corrosion and freezing problems aAf.r.c_ared
have resulted.in'interest in collectas which can heat a gas,
have been some excellent analytical treatments of air-heating
have been very few experimental st;:..dies reporteo on the lAermination

vith,liquid-heating collectors
usually air. Although there
collectors (81-861, there

of air-neater efficiency. .

Gupta and Barg :??) -investigated the ferformance of four air-heaters utilizing an apparatus
similar to the one described by Wriii:ier and Richards [313. Efficiencies were calculated from
fintdoor tests where instantaneous measurements were made of E, At, and 1. Typical results .
404.

are shown'in Figure 314 and 35 for two of the four collectors. The measured efficiency values
agreed well with analytical predictions made previously by Close [81]. The scatter in the
data evident in Figures 5- and 35, apart from experimental error, was attributed to.variations
in heat loss coefficient, the factors F'-and F, whicn in turn resulted from variations in
ambient wind speed and sky temperature.

L
0 ..1,?
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Table 5 F lat-Plate Water.-Heating Solar Collector Types Tested-
Efficiency Curves Given in Figure 31 [29]

Collector Description

1. Double Glass Covel-, Black Painted Absorbing Surface

2. Single Glass Cover, CuO Selective Surface on the
Absorber .

-3. Single Glas's Cover; Aluminum Honeycomb, CuO 'elective
onkthe Absorber

4. Double Glass Cover, CuO Selective
Absorber

5. .Single Glass Cover,
the Absorber

1 --

6.L.-Double Glass Cover,
the Absorber

7. Double Glass Cover,
tht Absorber

8. . Single Tedlar Cover
on th6 Absorber

9. Double Tedlar Cover
on the Absorbey .

10. Single Glass'Cover,

11.' Single Glass'4ver,
Surface

12. &ouble Glass.Cover,
Surface

13. Double Glass t, ver,

14. Double Glass over,

15. Double Glass over,

Surface on the:

Black Nickel Selective Surface on

Black Nickel Selective Surfade on

Selective, Surface onBlack Nickel

, Black Nickel

, _Black Nickel

Black Painted

Selective Surfade

Selective Surface.

Absorbing Surface

Honeycomb, Black Painted- Absorbing

Honeycomb, Black Painted Absorbing'

Black'Painted Absorbing Surface

Black Painted Absorbing Surface

Black Painted Absorbing SurfaCe

21

29

Absorber Panel
Material

Copper

Copper

Copper

Copper

Aluminum

Aluminum"

Aluminum

Aluminum

Aluminum

Alupinum

Aluminum

Aluminum

Aluminum

Aluminum

Steel.
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The performance of an overlapped-glass plate air-heater was reported by Selcuk [88) using
the experimental apparatus shown in Figure 36. In addition to he instrumentation shown,

thermocouples were required in./he air outlet stream because.of transverse variations. A

comparison of measured and calculated efficiencies as well as air outlet temperatures are shown
in-F-411re 37 as a function of air velocity. Analysis at low velocities and, accompanying higher
absorber temperatures showed that significant natural convection currents occurred which
resulted in larger discrepancies between measured and predicted temperatures and efficiencies

at these conditions.

Satcunanathan and Deonarine conducted experimental tests on an air heater which employed

two passes of air through tne collector 09]. The air passed between the glass panes of the

two cover collectorbefore passing over or through the metal absorber. Consequently, part
of the energy normally lost through the two cover plates was recovered. "Air flow rate was
measured with a flow nozzle, temperatures with thermocouples, and-insolation with a conven-.
tional pyranometer. Calculated efficiencies are shown in Figure 38 indicating a clear im-
provement through the use of the two-pass mode of operation.

.

L8f, Shaw, ana Ocnk nave recently reported efficiency data for a double-glazed aiiscol-
lector with 1= separate air passages having t cross-section of 1.43 x 59.6 cm and a length
cf 3.65 m each ,9C:. The collector area normal to the sun was 31.2 EI and the air flow rate

was 0.31 ml ,min 2 The results of the test are shown in Figure 39 and comoaredwith-
theoretical predictions for the same air flow rate and also for an air flow rate 75% larger.

2.1.. -Recommended Test Procedure

Based on a review of the state -of- the -art in testing solar collectors as outlined in the
previous section, the test procedure in Appendix A is being recommended. The series of tests

that comprise tae testing procedure is conducted.outside under real sun conditions., and the
results of the tests are displayed in gisaphical and tabular form......,"

The test procedure :.as been written in a format consistent with other standards of the
American Society of Heating, Refrigerating pnd Air Conditioning Engineers.
the Appendix is as follows:

Section

C

The outline of

1 Parpose

2 Scope
3 Definition's

Classifications

5 Requirements.

6 instrumentation 4
Apparatus and Method of Testing

S Test Procedure and Calculations

9 Data to be Recorded and Test Report
10 Nomenclature

11 'References

with the major portion of the document being in Sections 5 through 9.

The test-proced..re is limited to collectors that can be isolated so that they have effec-

tively one inlet and one outlet, The,energy.of the fluid entering and leaving the collector

can be aeterm-ned by making appropriate measurements. These quantities are then compred to
the energy incident upon the collector (glso determined by.measurement). in order to calculate

the collector efficiency. The fluid can be, either a Mould or a gas but riot a combination

of the two.

I

am
ihe testing procedure itself is equally aorlicable for testing indoors using a solar simu-
lator; however, the present version of th., accument does not list the requirements for such

. .

a facility.

22
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As part of Appendix A, separate apparatuses are specified for when a liquid (Figure Al)
or a gas (Figure A2) is to be the transfer fluid. The detailed requirements of the apparatus
are given along with specifications instrumentation to be used in measuring incident solar
radiation, temperature, temperature difference, liquid flow rate, air flow,rate, presgure,
pressure drop, time, and weight. For the specification of instrumentation, emphasis was placed
`on utilizing existing standards and other manuals of acceptable practice as given in refer-
%noes [5-16] of Appendix A.

The series of tests consist of determining the average efficiency for 15 minute periods

The effidiency is then calculated by:

(integrating the energy quantities) over a range of temperature differences between the average
fluid temperature and the ambient air..

T

6 - tt.,,e) di

f I di
0

C

The flow rate is required to be steady and vary by less than + 1,0% for the duration of each
test. In addition, the transfer fluid shall have a known specific heat tich varies by less ,

than 0.5% over the temperature range of the fluid during a particular 15 minute test period.
Conseqdently, the efficiency can be determined by:

n

0

1' ,

III
I (t tf 4--cm__,_

.
c f,i ,e
tf 0 ..:

T

f I dT

The test apparatuses Specified in Appendix A have been designed so that the temperature
o; the fluid entering the collector can be bontrolled to selected values. This feature is
used to obtain the data over the temperature range desired. At least sixteen "data points"
are required for a complete test series and they must be taken symmetrically with respect
to solar noon (to prevent biased results due to possible transient,effects).

During each test period, the incident solar radiation must be "quasi-steady" as indicated
in. Figure A13 (in contrast to days in Which cloud cover can cause a time distribution such
as sown in Figure A14). Other'requirementg that must be satisfied for each ; "data yoint" a

are that the 15 minute average insolation be greater. than 630 Whe(200Etugh ft )) and
the incident ang ebetween the sun and the out*ard drawn normal from the 6qllector be less'
than 45°. In add tion, the range of ambient temperatures for the entire test series must be

7less than 30 °C ( 4 °F). t

/.
.;

The measurements made and the calCUlated efficiency for each "data point" are reported
in tabular form well as in gra'phicai*Torm as shown in Figures 8, 35, and 39. The ordinate
is the efficiency and the abscissa is the measured temperature'differense divided,by the in-
solation. It is recommendgd that.the units be standard SI or that the abscissa be made dimen-
sionless by dividing the temperature difference by ,either 100 °C or 212 °F and the insolation
by the solar constant. It is expected that a "straight-line" representation will suffice
for_most conventional flat -plate collectorssuc) as the one in Figure 1. Representation of.
the performance of a concentrating collector or high-performance flat-plate collector on such
a plot will probably require the use of a "higher order fit" due io the larger variation in

..
,

U
L
and the product (ra)

e
.

.

.

.-- In developing the test procedure and writing the, specific requirements: there were tgo
main areas of concern. These were insuring that the measurements made would be sufficiently
accurate and that the specification of test conditions would be such?that the plot of collec-c

to, for efficiency would indeed be meaningful and allow comparison of different collectors.
f4 ,.

t.
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A.ccuracy of Measurements ,

,-.

.1:

Theouncertainty associated with the reported efficiency can be expressed as a function

bf the uncertainty associated with the measurement of the independent parameters as follows [91]:' 1C-.....,.

2 2 2 2 1.

M
t

n ---
2

2
f

c

c
t,f . At2

-7
At , I

(19)

m 14 i

A.-

. le

Consequently, the accuracy to which the efficiency can be determined-is limited by the-accuracy

to which the independent variables i, c t,f , At, and I can be measured or determined. _

.
In eviewing the state -of- the -art in making the measurements, it became obvious that the

critical Measurement was that of insolation.- As stated in Appendix C, an .accuracy of no better

than + % is the state -of- the -art. This is gonfirmed by Latimer [92] in a recent treatise,

on making sdlarradiation measurements.using commercially available pyranometers.

.
-

Lat",mer [92] lists a_ number of,requirements for pyranometers that he-feels are necessary

in orde ;to make sufficiently accurate measurements. These include:

(1) chase of response to variation ia. ambient temPerature.

(2) variation in spectral response.
"(3), nonlinearity of response.

,(4) tl:me response.

(5) variation of response with attitude (tilt up or down from the horizontal).

(6) variation of response with angle of incidence.

4 -
Specific requirements listed under each of the categories above have been adopted and are

given In Section 6.1 of Appenaix A.
,

Rea ference [92] describes the of,five of the more popularly used pyrano-

meters :

\

1*1
.--,

, -4.-
'(1) Kipp and Zonen pyranometer

;
.\.' \l',

(2) Eppley black and white pyranometer

(3),, Eppley (180° pyrheliometer) pyranome[ter

. (4)' Eppley precision spectral'radiomet 1 (model 24

(now known as model PSP) - f

I

'(5) Eppley precision spectral radiomet 4 (model 15) lie

' (no*longer available) ....- I

/

i

Manufacturers' specifications as well as testiresults from the Eppley Laboratory nd the

National Atmospheric Radiation Centre (NARC) in Toronto are given. Figure 40 shows the Eppley

(180° pyrheliometer) pyrsporiieter in use at NBS and Figure 41 shows a pyranomete in use at

CSIRO that is similar in,construction and appearanct to both the Kipp and Zone' and Eppley T

-. model PSP. .

-

Perhaps the two most critical requiremeAt

to the variation of: response with angle of

results of tests made on the-five pyranomete

to determine the deviation of the pyranomet
incident angle isvaried. An optilcal bent

an instrument turntable graduated in degre

Eppley 180°, ancl Eppley model 15-pyranome
white and model 2 at the, Eppley Laborato
6:1.1.6 in-Appendix A, "---the deviatio

fort the incident angles encountered dur

4 .y1 '4to 45°'in the present test proce
tested would meet tgiis requirement.

made with regard to the pyra

idence and with attitude.
s discussed by Latimer. The

s response from a true cbsin
Ja'stable lamp source with c
s'were used in the tests. Th

erS were tested at NARC and t

in keyport, R.I. According

froMa true,cosine response
ng the test(s)". Since the

e, Fi6e 42 indicates that fou

ometers relate
1,-e 42 shows '

ests were conducted '

response as the
limatedipeam and
Kipp and Zonen,
Eppley black and

o specification
all be less than + 1%

cident angles are limited

of the five.pyranometers

aIdentifitation of commercial products does not imply recomMendat:on or endorsement by the

Natiopal'Bureau of Standards.
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cording to specification 6.1.1.5 in Appendix A, 'the instruments' calibration'factor
(inc ding corrections) shall Inge less than + 0.5 p rcent compai''sdwith the calibrated
ori ntation when placed in the orientation used duri a the test(s)::. `The concern here is
ti t the calibration factor for the instrument could e different in the horizontal position
ormally'Used for calibration) than in a'tilted nos ion (normal position fpr collector
estibg). Two choices-are available. 0ne'could ha e tht instrument calibrated against an

absolute normal incidence pyrheliometer (see Append x'C) in the tilted position to be used
during the collector testing: The other choice wo, d beto use a pyranometer whose calibration
factor is known to be independent (within + 0.5%) of tilt angle up to'the angle used during
the,collector testing.

1

Latimer (92) states, based on inversion eats in the laboratory, that the Kipp and Zonen
and Eppley model 2 showed less than + 0.5% hange in their factors. However, the Eppley
(180° pyrheliometer) pyrapometer showed a 3 to 4.percent decrease in response in the inverted
position and the newer black and white model showed a 2 percent decrease.

e

A more comprehensive analysis of this effect has been recently reported by Norris (93)
He constructed the apparatus shown in Figure 43 to test the output of selected pyranometers
as a function of inclination angle from the horizontal: The apparatus was designed so that
the light source was maintained ina fixed position. The light beam was, reflected by a first
surface mirror inclineq at 45 degrees.so that the light was turned about 90 degrees. The
pyranometer was attached to the.end of a beam which could be rotated about the horizontal
axis:Which contained the mirror and lamp. Thus the pyranometer could be swung through 360
degrees without changing the position of the lamp. An indexing head was placed on the pivot
so that reproducible positions of.inclination could be obtained. A sliding balance weight
was-attached to the rotating

Norris tested four diff
-

Latimer:

41) Kipp and Zonen pyr
(2) Eppley 180° pyran
(3) Eppley model 2 py
(4) Trickett-Norris

'The Trickett-Norris pyrano

Measurements were m
zontal. No tests were ma
since it is very unlikely
maintained in each positi
measured by a digital vo
with the pyranometer ex
no effect if the air us

Results of all tes
output of each pyranome
position. As can be se
of the instruments in

/

/-test results should -pr

mt) balance the various types of pyranometers tested.

ent instruments three of which had been previously tested by -

nomker
eter

anometer
-N) pyranometer

eter was designed at CSIRO and is shown in Figure 41. .

at set angles of400, 20°, 40°, 60°, 90°, and 180° from the hork-
e with the pyranometers inclined at angles between 90° and 1800;
that they would be used at this inclination. The pyranometers were
n for approximately five minutes. In this time the output, as
meter, had reached a steady state. Several traverses were made .

sed to ad .dir speed of approximately 5 m/s. This was found to have
was at ambient temperature (20 °C) or at 35 °C. ,

4
s are summarized in Table 6 and shown in Figure 44. The responselor
er has been normalized with respect to,its output in the horizontal,
n, the variation with attitude is significant. In fact, for the use
e vertical or inverted position, correction factors based oh these

bablybe applied.

Norris explains i great detail [93] the apparent reasons why the variation withlattitude
differs for the drtfe ent instruments. The explanation is based on the differe ce in construc-
tion and the associat d free convection patterns that are set up inside the glglss envelopes
covering the thermopi e sensors.

Tailing all of t

the-estimated inst
ous factors into account, Latimer 492) presents w /at is felt to be

rror for the various pyranometers he analyzed when they have been

p
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Table 6 Response of Inclined Pyranometers Normalized with Respect,

to the Response in the Horizontal Position [93]

I

Angle

Trickett-
Norris

Kipp and
Zonen
// light

: Kipp and
Zongn
sl light

Eppley
180°

tf

Precision
Eppley
(Model 2)

0 1.00 , 1.00 1.00, 1.00 1.00

'20 1.00 ?..01 1.00 0.98 1.00

40 1.00 _1.02 1.01 c.97 1.01

60 0.99 ' 1.02 1.00 0.97' 1.02

80 4'1.04 1:08 1.06 -1.01 1.08

90 1.05 1:10 1.10_ 1.04' 1.11

180 1.01 0.98 0.98 0.95. 1.01

No. of Runs 8 . 4- 4 . 10 4

""..?

'

4)
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calibrated directly agaihst a primary or a working
souree and the pyranometers.are properly installed

Kipp and Zonen

standard
and-cared

4.1%

pyrheliometer using the sun as a;
for. His results ete,as

(3.6%)
Eppley black and white 3.6%
Eppley 180° .1- 5.0% (3.6%)

' Eppley Model 2 2.3%
Eppley Model 15

.
2.3% , P

r'
The figures in parentheses can be attained when the readings are corrected forHaAient tempera-
ture. The Kipp anieZonen and Eppley tea°. pyranometers do not have ablilt-in temperature
compensation circuit,.

. 4.
s

FigUre 45 is a plot of the uncertainty III.the collector efficiency as a function of the
.uncertainty in determining the insolation, I, using equation (19). In making the plot, very
optimistic gssumptions have'been made concerning the accuracy to which if C and At can
be determined. ..Even so, if the Eppley model 2 (or comparable) pyranometer, Were u6ed nd i
and At could be determined to within + 0.2 °F and + 0.5% respectively, the collector ficiency
determined using the present techniques and instrumentation is probably accurate to no b tten. -

than + 5%1 -11,
.

Effect of Test Conditions on Collector Efficiency Plot
1

6
For it given collector design, the test variables that affect the thermal perftpmance of

the.collector are: . .

(1) mass flow rate, ea
(2) operating temperature, (tf + ye)/2
(3) ambient temperature, to '

(4) .wind speed,

(5)",insolation, I
(6) sky temperature
(7) dirt on the cover plate(s)

_ .

In.the recommended test procedure, the mass flow'raie is specified at a constant value
for the test, the wind speed is required to be.measured and reported, no specification is
made concerning the sky conditions in this first version, and the collector cover(s) are
required to be, cleaned prior to testing. Limits'are placed on the range of insolation and
ambient temperature,during the test(s).

In order to obtain a basic understanding of how vbriations in test-conditions affect
the reported performance of solar collectors, a simplified mathematical analysis-was made pf
the heat transfer processes that occur in and around a conventional flat-plate collector. The
basic equation assumed to describe the instantaneous energy balance on the collector is,
similar to equation (1) of Section 2.2: -

AA
.

ti

qu/A = I Tct - U
L

(t
p

- tai (20)

For the analysis here,04was assumed that the collector was well insulated around its perk
meter as well as over itishaded side and that the collector loss coefficient.could be
adequately represented by the calculated loss ,coefficient through the collector cover plate
The following equation was usedfor this calculation:

. , .

IT 7A7 4: E' ...g)
L 1=1

t 8 i

(h,k + h
'0.176 .1/4

c r
)

e

1 1

3 z,
6

p"

6.



t = outside surface heat transfer coefficient of the outermost cover pl ate, 14/(m 2
oc)

N = total number of.cOver plates in the collector

(6 ) = thickness of the ith cover plate,'m

(Vg ) = thermal conductivity of the ith cover plate, W/(m: °C)

i
.'

-',

h..) = convection heat transfer coefficient for the air space inside the ith over
c

i. plate '(designated her as the ith cavity), Btu/(h fee °F) .

4,:chr) = radiation heat transfer coefficients across the ith ca vity Btu/(h
te 0F).

i

Since h and h are both strongly affected by the temperature level as well as by the tempera-
,,,,.plure'diference acruss the cavity space, U,.has not been considered a constant in the present

analysis. According to references [94, 957, the value of he may be,calculated by:

n

6t)* (13)
1 -

1
(i:

2

i
he "-1 50

where

a = 0.213 for tilt angles 545°

d = thickness of the ith cavity, in.

Ati = (ti - ti_1), °F

(22)',

t.= surface temperature of the ith cover plate surface facing the cavity, °F

t = surface temperature of the (i-1)th cover plate,surface or absorbing surface
i-1 facing the cavity, OF

.1 = 0.27 for tilt angles > 45

b = 0.001 for h
c

d > 0.3

= 0.0017 for he d > 0.3 r 4
The radiation teat transfer coefficient was obtained_bp:

:

3

h
r.

= 0.00686H
100

T. + T.
, 1 -1

m 2

1 1 1 '

1
c.1 e-1

`t

28

.

(23)

(

4



Ti + 460

it T. t. + 460
'1-1 1-1

c1 =.emissivity of the surface .1' tbe ith cover plate facing the cavity
,

+4. .
.

ciii.= emissivity of the surface of the (i-1)th cover plate or absorbing surface
facing the cavity .

Assuming that the efficiency of the collector can be written as:

J

qua t t.

n = Ta - UL (24)

a routine was written to solve equations (20)-(24) simultaneously for specified values of
t
a

t
p'

I
!
.anti h.

In performing the calculations for typical flat-prate solar collectors, the following
,values_of the appr9priate parameters were used:,

0.87

a = 0.90,

= 0.§76c
glass

6 = 3.175 mm
g .

A = 1.02 14/(M2 5 °C)

d = 0.375 in.
.

= 0.90 for a flat-black surface
absorbing surface

= 0.1 for a selective surface
cabsorbing surface

h
c

= 0 an evacuated collector

s

The erior surface heat transfer coefficient was determined from information in reference
,J9 (Figure 1, page 348). Its dependence on wind.speed is "shown in-Figure .46.

1

Results of the calculations e shown in Tlihres.47-56. Figure 47 is a plot of the
predicted performance of ftflat-p ate collector of different designs ranging from one with
a single Cover plate and-a flat-b ack surface to.one having a double cover plate with a
selective surface on the absorber. All calculations were for conditions of I = 790 W/m2
-(250 Btu/h ft2)) and to = 15 °C (59 °F).

-Figures 48-52 are for a collector with a',single cover plate and a flat-black absorber
and are presented to demonstrate the effect of variations in I, t , t ,,and wind velocit4y-,
on the type Of plot being recommended for collector efficiency. 91guPes 48 and 49 stioy,
that foY this type of collector, the scatter in the efficiency plot should not be large as
acing as I and to do not vary more than being recommended in Section 5 of Appendix A.
Figure 50 shows that significant scatter would result if the, data points were takeh over the
wide range_of collector operating temperatures shown, Figure 51 demonstrates thei a large

A

aThe reader should be cautioned that these'values were determined from tests made on 0.3 m
(12 in.) square samples of glass at a mean temperature of 7 °C (20 0i).

29 3
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amount of scatter would also result from large variations in wind velocity. Although some

thought was given to specifying that the wind velocity across thp collector should be con-
trolled-in some manner, the present version of the testing Procedure only requires that the
wind velocity be measured and reported. Figure 52 demonstrates the degree of scatter that
might occur as a result of simultaneous extreme values of I, t

a
,-and wind speed.

.

figurgs 53-56 have been included to show the, scatter likely to occur when a high per-
formance flat-plate collector is used in comparison to the more%eonventional single-cover

1 flat-black collector. As can be seen, for the same variation'in I, more scatter is likely
to occur with the high performance collector - On the other hand, since the heat loss will
be reduced, there should be less . scatter due to changes in ambient temperature and wind.speed%

Additional Considerations

Although the current test procedure requires that the relative portion of the insolation
that is direct and diffuse be measured and reported, there are no allowabl limits set for

theetests. After further study of the effect this factor*tauld-baiTdirth reported efficiency,
modificati, to the test requirements might be made.

The variability.of the incident solar radiation in terms of spectral distribution and
the ratio of direct to dif.fusegivadiation are illustrated in Figures 57 and-58 [97], respec-
tively, 'The comparison of measured solar spectral distribution for conditions approximating
air mass 1.7 with the calculated distribution for air mass p, 1, 2, and 3 is shown in

Figure 57. The poor correlation at short yavelengths is attributed to atmospheric scattering.
Unfortunately, measured spectral variations as a function, oft azimuth angle, attftude, and

atmospheric ,conditions are not%availabie. The spectral changes in Figure 57 were maculated
as a function of air mass using a standard atmospheric' model. These variations combined with
the_spectral prdperties ofoselected opti&I.1 materials sewn in Figures 59 [56] and 60 [98]
(used to enhance the absorption and/or minimize the dmision of thermal energy by the col-
lector) could require modification of the test procedure to include more detailed exposure tests:

Of*
Ap indication of thelniluence of scattered solar radia ion on the performance of a'

flat-plate collector with two,Tedlar covers and Wselective,black coating on the absorber

4, is shown in Figures 61 and 62 [99] At normal incideno(IFigure 61), 50% diffuse radiation
cal es a reduction in the efficiency of the collector by about 3% under maximum irradiance ,

conditions ankabout.6% for minimum irradiance. ,At an incident angle of 40°.(Figure 62), the

50% diffUse radiation condition causes a decrease efficiency by about 4% at maximum irra-

dian e and 10% at minimum irradiance, These calculations were made assuming idealized con -
ditidps of a cosine distribution for the diffuse radiation and a black Lambertian distribiltiOn

for t absorbing surface.

The results of using the teat procedure being propoAd.for a specifics collector should
allow a designer to make a realistic assessment of the output of that collector for his
particular application. The broad ques.tion of how one takes an efficiency curve such as

. Figure 8 and Oredictskthe performance for other than test conditions will be discussed in

the next section. It should be noted here though that'additfpns will likely, be made to thp
test procedure itself to enable the determination of informgOn in addition to collector
efficiency as well as efficiency at other than near normal incidence conditions.

. .

g

Smith and Weiss T1001 have suggested that in addition to determining the overall thermal
efficiency, determination of the collector design factors FR, F"(Ta) , and UT, is desirabl.

1* collectors under specified conditions may exhibit,fhe same overall efficiency, howeve,,,
their efficiencies may be. achieved in different ways. One collector might have a minimum
loss coefficient, UL, and the'other might have a minimum collector heat removal factor, FR.
Consequently., the two collectors could very well perform differently in specific locatiOns
or types of service (i.e., high wind or high operating temperatures).

The, modifications suggested by Smith and Weiss are, initially evaluate the effeCtive\40;*6
transmittance-absorptance product and the heat removal factor, which are nearqy constant for

aIdentification of commercial products does not implprecommendation or endorsement by the
National Bureau Of.Siandards.
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a given collector' design. The effective transmittance - absorptance product is experimentally
determined from three pyranometer measurements. F7is'subsequently determined by operating
thecollector with no heat loss, that is, with (Efn- t ) equal to zero. Finally, it is
possible to determine UL as a funCtion of wind sgeed aN operating temperatures by'operating
the'collector with--sero Insolation (i.e., at night). There is thus developed from these
tests, a valueof_F'(Ta)a and FR along with plotted values of UL as a function of wind speed
and operating temperatures.

The deterRination of collector efficiency at other than near normal incidence conditions
could be done in one of two whys. The ctor tests could be conducted at severe' ranges
of incident angles and an efficiency cur e etermined for each-range. A second method would
be to revert to a day-long test where the variation with incident angle would autOAUtically
be accounted for. Of course for simple flats-plate collector geometries, where the absorber
is coated with black paint, the performance at off-normal-incidence can already be predicted
as will be pointed out in the next section.

4-:

In order to demonstrate the importance of 'angular response and its possible effect on
collector efficiency, the directional properties of typical high performance collectors will
be cited. Jr

One method of reducing the thermal losses frwm a collector is the addition of selective
absorber coatings as has already been noted. In addition to having spectral-selectivity,
the properties.of the coatings vary with the incident angle as shoWn in Figures 63 and 64 [98].

A" 4
Thd use Of a honeycomb structure between the cover plates. of flat- plate collectors as

shbwp in Figure 65 hasjbeen and is being given serious attention fdrareducing convective and
radiative heat losses'[101-111]. The relative transmission of Mylara, aluminum, and paper
honeycbMb material as.a function of incident angle is shown in Figure 66 [104]. The sig-
nificant reduction in transmission of the paper and aluminum materials at angles larger than
15° will certainly effect the day-long performance of a non-oriented collector. Figure 67 L171
shows how the (To) product fo&La flat-plate.collector with a black-painted absorber is
affected by the addition of the honeycomb material (compared to Figure 4 without it).

Figure 68 shows the results of tests conducted at the NASA Lewis Research Center's indoor
test facility where a two-cover-glass collector with a black-painted absorber and Mylar honey--
comb was tested at normal incidence and at 41° off-normal-incidence [29]. For this test,
the collector stand was rotated about its vertical axis which meant that the tilt,angle for
the collector was the same in both cases and hence the heat loss should have been the same .

for both tests. This did result's indicated by the fact that .the slope of both "curves"
in Figure 68 are the same. There was a nine percent reduction in (To) at 41° compared to
the normal incidence condition. °

Modifications of"the hexagonal honeycomb infiguration to a rectangular configuration-
has been extensively analyzed and tested for ail. and liquid heating collectors by tuchberg ,

et. ,al. [102]. The experimental results were Obtained With 0.3 m2 (1 ft2) instrumented test
modules utilizfng multiple rectangular cells with specularly reflecting wallsNcoated with a
solar transparent dielectric film. For the tests where air was used as the transfer'fluid,
the dells were located on a blackened fiberglass porous bed absorber. For the liquid heating=
tests, a black flat-plate absorber was used. The thermal efficiency for three honeycomb
configurations is snOwn in Figure 69. The correlation between a mean curve and data taken
at different flow rates had a maximum Variation. from + 5 to + 8 percent but exhibited a linear
relationship with the-rates of temperature difference to solar insolation.

Determining angular response characteristics is equally important for cylindrical collec-
tors. Vindze [112] developed a non- evacuated cylindrical Collector shown in Figure 70 that
is now commercially available in this country [1]. Speyer built and tested collectors in
:which the technology for makiirg fluorescent tubes was adapted for building evacuated elements
which housed a liquid-heating-absorber [1131. Collectors very similar to the ones designed

a
Identificalion of'commerciai products does not imply recommendation or endorsemett by the
NatiOnsl Bureau oC Standards
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by Speyer are being investigated by at least two U.S. manufacturers [114, 115] and by the

Philips Company in Aachen[116].
A%

Simon of the NASA Lewis Research Center has recently reported the performance Of a

first prototype of an evacuated tubular collector obtained from^the Owens-Illinois Corpora-

tion [75]. It was an all-glass, donfocusing,nontracking collector. It consisted of twelve'

1.05 m (41 1/2 in.) long tubes (length exposed to sunlight) spaced 5 cm (2 in.) Apart with

a difikuse reflector placed 5 cn (2 in.) in back of the tubes. irflow distribution header 46

for the glass tubes was at the bottom of the collector. The total area available for solar

energy collection (essentlally the area of pack reflector) was 1.33 m2 -(14.35 ft2).Each
tube of the collIctdr consisted of an Tyner tube of 4.1 cm,Aiameter placed within an outer

tube of 5.i cm diameter. The inner tube through which the liquid flowed was coated with.
a selective coating with an absorptance of about 0.8 and an gmittance of about 0:809. The

annular region between the inner and outer tube was evacuated toll, vacMum sufficient to prevent

convection and conduction thermal losses. The transmittance, of the cover tube relative to

the absorber tube cross section was 0.91.
a

The collector was tested using the Lewis indoor solar simulator. 'Tests were run at
incident angles of Ob, 33°, and 77° and the results are shown in Figure 71. For compariiqP

purposes, the experimental-curve for a selective- coated, nonevacuated two-glass flat-plate '

collector, is also shown in Figure 71 [29, 76]. The more horizontal slope of the data for

the evacuated collector indicates lower heat losses for this collector compared to the non

evacuated'two -glass collector. The other point of interest is that in contrast to flat -

plate collectors, the efficiency increases with incident angle. This is due to the direct ,

radiation being received by the tubes being independent of incident angle. These efficiency

curves emphasize for angular response of collectors to be accounted for loin the

evaluation."

In analyzing the two collqgtors of Figure 71, a day-long performance comparison would

probably be more meaningful. To demonstrate this, Simon-ned day-long insolatiori data for

a June day in Blue Hill, Massachusetts and calculated day -long performance for all'inlet

temperature of 116 °C (240 °F) and the tubular collector had a day-long efficiency of 35%

compared-tb only 31% for the flat-plate collector. ,

In addition to possible modifications to account for the factors discussed above, it is

envisioned that the test procedure will also be modified to,incftde a standard procedure for

testing collectors 4-etating in the thermosyphon mode, and a specification of an acceptable

artificial sun or solar simulatorsuch as the ones used at the NASA Lewis Research Center and

the Honeywell Corporation. Other addltions will probably'incluq an acceptable altqrnate
method air a comparative test using a."standard collector design" as a reference as well as

an experimental procedure for determining the heat capacity of'the,collector.

The motivation for a,comparative tesUis to simplify the current procedure. One would

simply test the collector sidg by side with a referedce collector whose thermal characteristics

are well deflined. Then by Comparing theflogpout" of,,the two col4gtors, one should be able

to determine the thermal characteristics of*tne collector in question.

Even though the relative importance the,transient characteristics of'conventlonal-.

collectors is being debated (117, 1f8], there is litte,question about the Act that some

standard way of evaluating it would be desirable as part of the proposed test method. In a

recent unpublished note (1191, Bruno et. al. proposed a technique of obtaining the "response

time" of the whole collector assembly. He defines "response time" to be the 10% to 90% rise

time found from the results of an indoor. laboratory test. Initiglly the inletohtlet, and

, ambient temperatures are identical. Then with a sufficiently 1igh flow rate (such''that

- t ) < 10 ,71C as T-+ the inlet itemperature id increased and a plot is made of

- (t - t ) for T > o andthe 10% to 90% rise time noted.,
170. f,e f,i f,e w

, 4.
Throughout this report, little or no emphasis has been placed on discussing the applica-

bi y of the current test, procedure to concqptfhting collectors. It has already been noted

t the governing equations for these collectors are very similar to ones for the conventional

.

aThii'transmittance takes into account the variation of transm ittance with respect to direct

radiatioh akout the curved surfAce of the outer tube.

r-
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flet4late-collectors and this similarityfhas been used in the development of thi4procedure.
Ihie-COUld argue tout it is unfair to base efficiency for, concentrating collectors on the
'ibtal'ysoraticia (as has been done in Appendix A) since the direct component is all thatis
utieMaIlYUtilized. However, the test proOdure has been written with the particular appli-
Cptibn:Of'bUilding heating and cooling in mind and comparison to the conventional fiat -platt-
ebllsCtOr sfelt to be justifiable. As more information is obtairied concerning the use
Of- pamiiing concentrators [1207123] in and around buildings, the test procedure could be
MOiffed 'accordingly.

.7. . '% , .1.

e- -
Kreithr(124.1 has ree'ently,Suggested some modificationsthat:conld be made to make the

procedure more applicable for concentrating collectors. The modifications include:
...- 4. -. .

-,
.

a) 'MdaSUre the direct component as well as the total incident radiation-in the plane
of the collector and include tub curves like Figure 8, one where the insolation
-in the horizontal axis variable is the'total radiation-and one where it is .just the

--. direct comionent. -

b) Measure tfie quality as Well as the temper'' ture and pressureof the working fluid
`so, as,to allow for a change of phase of the working fluid as it passes through thec
collector.

,.

,

c) Measure separately the reflectance of the reflector surface and the absorptance and
emittance of the selective surface on the absorber if used.

. '. fsing,Test Results for Design Purposes
-

gaw does one use'an efficiency ctreye such as in Figure 8 to predict the performance of
the callector for conditions other than those of the test? This can be done with different
degrees of 'sophistication ,as will be explained. It is assumed,that the output of a given
Follector is desired over a specified, period of time ranging frafWeeks lo a year. There,

s, is'interest in developing tabuld design data.using the efficiency plots, actual weather
'data, and4eurrentlY availabbksomputer,programs; however, thilt,has not been done as far as

-,- theVauthbfe.of"ihis report.know.
\ . A .
,. .

- 0 ... In a recent study on e large commercial office buil ding, Kusuda et.. al.
!
(125.] used an

effibiency plot from reference [58] to predict the hour-by-hour output of a south-facing
'double -glazedflat -plate collector for an entire year 18760 hours). A semi-empirical routine
was,written which used input data from an bout -by-otr weather tape and an. equation for-the
efficiency of the4Collector as,,a function of f,i f.e,' 4', and I which vas-derived from the

..,, 2 t -t- t .
---laxird-WITUFtircept of the efficiency curve. The f,i T,e value was assumed constant

4
,depending the operational mode of the building!smecRanical system vid,t vas ead

-..

, , .

l a.directly from the weather-tape. The available solar energy impinging on the collet r surfaCe
,

Wei estitate4 by first-calculating the clear 6i; Cloudless day,solar radiation Using a. thio-

6

!",

-10

rehiCal Mbdel (96, 126]'and then modifying it by the cloud cover data taken from the weather
e-;,,,if- tape. . ,

woe cloud cover Modificetion was carried out using the. Boeing solar transmissivity
defe,[127].

,A,,,..; erv_:-..---

-':`-' --"
.

/ .

.,
''''-' AlthoUgh no correction was made fbr incident -angle variation, one refinement was in7...

CorPOrifed to aftuit the effipiehoy values for variations, in wind.heed. since the outer
surface temperature of the upper cover plate was -known and. reported and the hour -by; -hour''-values

bfwind.speed could be read from the weather type, an.hourlycalculdtion was made of
he:ebefficient 14for the ,outer 'cover 6041gdre 46). ---. ., ,.. ,

e ,.
11giite yj vas taken from reference [125] and shows the cumulative collected energy for
collector litga-the tilted up at angl.e,of'606 during January and February, .196? ttia*ayerege

,,-

!'e611eFtOi energy were estimated on the basis on this 55_day period-, the -solar heating -and
`O64ine:SySten itould be sized assuming a4laily collection of 4 x 106 J/m2-(360 Btu/ft2) if.
thl'ellUldrteMperature were maintained at 38 ct Slop °F). This figure indicates;, however,
lha t 'if.e-60'°0 (140 Op) fluid temperature were Maintained, the colleCtor could be sized Only.
ii:-iii* IiieOls Of'2.7'x 106 .31m2-(210' BWIt2).-.., '4 ./. . , Z.r.

0

33

41
,

_4.



4.4

\

A very similar approach was taken by Procto- of CSfRO [128]. Using the basic equation

assumed to describe,the collectors tested at CS ; and ysing expeZAMentally determined-
values of the collector performance factors, the output of a 0.79 M2 single-glazed slectively-
surfaced flat-plate collector was predicted on an hour-by-hour basis for an eight-year

Period. The daily totals were computed and the average daily total for each.=on,th of each
year determined._ The eight year average dailyputput for each .-oath was tien determined.
The average daily output for the eight - year - period is. shown in Figure-74 a- a function of

the_mean water temperature in the collector.
-

Simon-and Suyco-[122] have recently presented a procedure6for predicting flat-plate
collector performance from the solar simulator test data. The procedure is equally appli:able

for predicting the performance of flat-plate collectors under specified conditions which
are different from those of test conditions. The procedure can be considered to provide a

framework for modifying test data. Three correction factors are defined as follows:

(25)

"i'
i ' (26)U.

I. ....
-(" .

I. S ,-

al.
K =
at (at)

.S

.

..,

where the subscript s refers to the values determined from the solar simulator test results

- and the variable without the subscript s refer to the values under the new conditiont. One
i

..

then determines the value of the correction factor and in turn the,new value of 7 R, U L , and

at which can be used in the performance equation (10-

(27) -

Si=on outlines, the proced,Ire for determining the correction factor when the flow

rate, heat loss,faCior UL, and t?ansfer fluid are different fro= what :-as' used in the

original test(s); Ku when the ambient temperature, sky conditions, wind speed, tilt angle,

and collector operating temperature are different; and K when the incident angle is lit-

-ferent. In addition, a.procedure is given for predictinrthe perfor=ance of tae collector
when the ratio of direct fb7diffuse-solae5.adiatioh is- different than what :as present

during the original_ tests. .'s s.=

.-

t
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34, Thec=a? Storage Devices

rmal sto e devices which are used as components in building solar hea ting ant
g systems ale usually ;lassified as-tither sensible-heat or latent-heat,devices. Sen-

Sible-heat devices are those in which the heat absorbed by or-removed from the unit results
increase or decrease in the teMperature-of .the storage =edit= and there is no change

of any porfibn of ttie storage medium. Typical components employ pressurized water,

in
of
tinp ssurised-Water,rock, brick, or concrete as the. storage medium.

latent-heat devices artthase 'where a change ofphase of the storage mplium occurs. In
thia type,- mosi of the heat added to or removed from thei:unit goes into changing the enthalpy
of the storage media= during a change of phase process._' Storage media commonly used in this
t ofdevice are. inorganIc salt hydrates and organic haterials.

The cbalce of:the ty
n the heating and cooling system. For example, if a watertting
the storage devi:e is usually a sensible-heat typg in the fo of
Dn the other hand, if an air-heating collector is used, the choice ,

a :atent-heat type, or a sensible-heat type in the for of a pebble-

a
pe of th4rmal.storage unit to useis.frequentiy related to the type

f collector being'used
oliector is being used,

onepr'tore water tanks.
will probably be between
bed heat exchanger.

It?

Ile performance of a thermal energy storage device is governed by [18;: (a) its thermal
-capacity; fb; the temperature range over which it operates, (a) the means of addition or ,

remora2 6f4rneat and the temperature differences associated therewith; (d) the temperature
stratification in the stai-age-Init; ie; the payer requirements for addition or-removal of
beat; the.containers or other structural elements associated with the storage syite=;,
(g) the thermal losses from the'device, and (h) its cost.

-We*

As with the solar collector, emphasis has been placed on de4elaping a testing procedure
that will aIlow different components to be evaluatedon'the basis,Of thermal perfor=ance alone.
It is assumed that the results of such tests can and will be, coupled with other factors
related _.to cost, structural integrity, etc., prior to the selection of..:a ;articular device.

r -

me Ad with solar collectors, thermal storage devices have been treated here as "black boxes"
whiehjare cbaracterized by the relationship between their input and output. This 14 basically
the sa=e way they are considered by designers who are selecting the equipment. In addition, -
attention has oply been given to those devices which do not alter the phase or composition
of the tranafer fluid as4it.passes through the

There is one significant difference between the solar collector and the thermal storage
unit-lAich-has influenced theldeVelopment of the test procedure. The performance of the solar

_callector is largely determined by its characteristics under steady or "quasi-steady" operating
nond4tIons. Consequently; the test outlined in the previous sectionlfi conducted under "quasi-
.steaW,conliticas. Tn.contrast, the perfornsnce of a thermal storage unit is determined.
largely by its characte4sties der transient operating conditions. One storage device

_compared-nap/nit 4-Second obe whose thermal capacity is identical night be far superior due
to-the'rate at which it can store or give-up energy durinriqpical transient operating conditions.

3:1 Methods of Analysis and Teitak

' The development of analytical =odels which would aid in oreacting the'perfor=ance of
:tbe-iital energy storage units had been handiceisped by the`extre=e coMplexity of the phincrabs
invoIvid.. For example, water tanks involve t140e-dimensiona... mixings systems employing_
-inpriamic salt hydrates involve complicated heat transfer, nucleation, crystal growth, and
-__incangXbentyelting. in:addition,the total ano\int of analytical and experimental Cork done
-.4.thenmMil.-Storage de4ices as Single components is small in comparison to the attention that
liasbeinitvin-to solar collectors.

;-

Ai&

4
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1 , The most eitensive work on water storage tanksiai-heen done in Japan [130, 131, 132r
. ,

_where this type atdevice his been investigated both theowtiCally and experimentally. Some

recent analytical work has been done in this country on the behavior of water tanks by Phillips
and Pate [133,134] ane. the behavior of-heat-exchanger-type thermal units In general

[including eater tanks) by Yang and Lee [135]. Viese theories which have been developed are

onerdicensional and linear. Thuimhile they are usefu,1 for predicting approichnate behavior,

'they cannot be, relied on in lieu of experimental testing. .

\
Ita144psanj-Pate'analyzed Waimple system consisting of a grater tank connected to a

4ter/air.heat exchange's.. Air is passed through the beat exchanger to deliver as yell as .

.11ithdpaw heat from. the storage tank. In one case [131 the water coves from the tankto the

, heat .exchanger by natural convection and in the second 1134], by forced convection. In bath
papers; results are presented tin terms of Aimensionlesl parameters toallow one totetermine

- the transient response of the storage tank-to a specified input at the heat exchanger. Some
experimental data .is presented which shows very good agreemeht with thd predicted analytical

- . - 4SM ./

The analytical and experimental work of the Japanese [130; 131, 132] and the recent
paper by Yang and Lee [1351 ~rill be reVihved in great detail later in this section since the

'approaches are closely tied with the one used in the teatinglproctdure in Appendix B.
,

One of the original studies done on pebble-bed energy storage deVices vas by t8f and
Hawley [136] in which relationships were developed for the'heat transfer' coefficient as.a
function of fluid flow rate and pebble dimension. More recent analytical work has been'pre -

sented by Handley and Heggs (a37]. A sumAary of the trade offs between heat transfer and*
pressure -drop that must be made for this type of energy storage device is given by Close [138].
The basic governing equations which can be solved to giVe the transient reseonse of a pebble-

-77,,

.bed energy storage unit are presented by Duffie and Beck can [18].

The most significant experimental dat7i obtained to date foi this type of energy storage
unit has been for the two cylindrical storage units being used in the house of George L8f-in

Denver, Colorado. 10,640 kg (23: 500 lb) of rockrof a nominal size of 3 ,cm.(1 to 1.5 in.) '

and hawing a specific heat of 750 .1 /(kg °C)(0..18 Btu /(lb °F)) are stored in two cylindrical

tubes of 0.9-L (3 ft) in -q_a.....imeter and 5.5 m 48 ft] high. Experimental data showing the

transient-respons4 of thes 'ts are given'in [139, 140, 18/.

\ - -...
J
.-

The use of latent-heat devices for energy etorage-has had wide acceptiance- -Yor se46-appli-
cations such as in the space program where a,.complete catehals handbook has been Prepared
441]. However, the use.of such materials far energy storage in solar heating and cooling ?

.systems has had only 1fMited acceptande because of a variety of operational pro lens.

. - ,

Dr. Maria Telkes now of the University of Delaware has pioneeredAmuch of t e work for

this application. in the late l940's .she was responsible for the conc.ructIon of a house
in Dover, Massachusetts in which energy was stored in the heat of fusioh of sodium sulfate

decahydrate (l421. Her t1,-,.ty reviews of the, status of this form of energy storage were

published in 1955 (1431, 1964 [144), and mostrecently in 1974 [145, 1461.

The most comprehensive work done to date on this form ot.energy' storage in solar heating

and codling systems has been done over the last-foureyears at the University of Pennsylvania
B4,14-1591. Part of the work has dealt with using,latent -heat type raaterials;.as integkl_
parts of electric air - conditioning units that are deliberately undersized and run continuously
using, he thermal storage material to reduce the peak electrical demand In addition tp con -

ancting, analysis-far typical residential and commercial applications [148;,;.49, 150 I58],
two unitewere.built and tested in the laboratory [15t.-154]. The other or part of the
:gniVer,qity, of Pennsylvania work has dealt dilAct.lY witn_4atermlning;tke characteristics of
4:P1:oaflatent-heat type materials 1151, 152,.155. 1591 and making. a comparison of the cost-
,effectiveness of?.asing this type of aaenergi.nieragWiait.in atypical solar heating system

1562,1571. Although -some experimental Work was conducted-to deter:11.in the properties of the

materials bout-re thermal capacity of selected ones changed with time, no testing was
dope on a fully - designed storage unit typical orwhat might be in ed in a working system.
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The solar heating and cooling.system installed in an experimental h3Use at themUnivetsity
of Delaware [160] uses two thermal storage units in which air is blown through the storage,
unit. tither unit deliiiers or removes energy from latent-heat material eduapsulated in '

cylindrical tubes:- NO operating data has yet been published on tile performance of this unit.

Other theoretical studies are available that will enableone to predict the transient
behavior of very specific configurations of phAse-change materials subjec'ted to. specific
boundary conditions. Typical examples include a sandwiched plate where the space between.
the plates are'filled-with a coqination of metal fins and ,phase- change material [161], and
acapposite cylinder in which the latent-heat material fills one of thf/ayers [162]. Such
examples'are usually only beneficiel in predicting the performance of a tt,of the particular
configuration and boundary-conditions covered.

Two of the analytical and/or experimental studies mentioned previously will n8W be
described in sane detail due to their general applicability in providing a framework for the
evaluation of thermal storage units.

,-3.2 Alternatives for a besting Procedure i

vt

.. -

The method which has been most commonly employed in testing of water storage tanks in
Japan [130, 131, 132] is to cause the transfer fluid ent ring the storage device to undergo
a step change in temperature and to, measure the temperature of the transfer fluid

t-leaving the storage unit. By integrating the difference kn temperature_betweenthe inlet
and outlet over the testing period.and multiplying the result by the transfer fluids' mass
flow rate and specific heat, one can determine the amount of heat added or removed during
this time period. If .the time period osen for theteAt were some characteristic time
depending upon the size of storage evice chosen, the eat storage capability of diffel-ent.
devices mad be compared. This will be ated by,ci ing typical results taken from.

.teerence [135].-
,

s

----kang'and Lee (135) performed an analysis to determine the nature dfthe'transiewtheat
transfer between a heat storage unit and ;circulating or transfer fluid due to variations
in the inlet teMperattire of the transfer Pilule; The configurations chosen for analysis are'
shown in Figures B7, Ba, and $9 of Appendix R. Figure B7 shows a specific -heat type storage '

device in which a liquid storage medium is heated-or cooled by a fluid passing through thin,,,
tubes inside-the container. Figure B8 sows a pebble-bed type unit in which the transfer
fluid codes in direct contact with the storage medium. Figure B9 shows as in. Figure B7, a
heat- exchanger type storage device except in this case,!the transfer fluid -is circulated

4 aroundtu8dU which encapsulatea latent-heat type material such as a salt hydrat
-.

, .
--'
!Phe basic onedimensional transient equations governing the tempera e distributig

of both theiransfer xnail andAtorage'mediam arQ presented,and solved sing the laplace"
tinnaform4iOn technique: Yang and Lee point out that the baUndity conditions, Ost approp iate

1..!t: to-simulate a real*torage device would..be somearbritary variation o t fluid temperature
,. .

variation
.s.,-

:,-.-4. with time. iloever, since it is idpracticalto calculate the system pon for energy. .4
Iposilble inlet variation and since the storage system is described b near ations, its.
o044ic,,,chiAtteristiCrMay be cqnveniently investigated by using a _input o a sinus 34$, e

-1§040.1-14put. Solutions are given in [135] for both the step input he.sinusoidal input for
the configurations oe Figure B7 and B8 but only for the step input f latent -he type device. Awp..,......

.

. ,
.

0 Typical results are shown in Figures BIO and 811 of Appendix B for the water tank in ,
.Which water is also circulated through the heat exchanger as the transfer fluid-and where &

the input is a step function. Figure B10 shows the tempetature distribution of the transfer
"flUid:ds.afpnetion of position down the tube and time. ,Figure Bll shows the same thing .
'f0t-the storage medium or water in the tank. These results,were for the case of negligible
. 'reistance to heat transfer at the Interface bet,yeeri.the tubes and the storage medium.

..:.,..1 .

l's strictly true only if the losses from the outside of the storage-unit are negligible.
'otherwise, the losses must be accounted for in the energy balance.
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*Onefshould note that it has, be

,thrhere tht temperature difference be

n possible to present the results in
ween the fluid and the initial value

differenpe between the inlet value/and the initiaf,value (step function)
space dipension is divided by the total path length-_through the storage

= tie hal been made dimensionless by dividing it by he time required f

td travll through the system of length 2/u where W is the flow vel
non-dimOnsiorializing,the results has been possible Ale to the fact t

is described by linear equations. In reality, the response of stor
0.
approxiinat, a linar behavior. Consequently, the testing cedur

has been written in such a way as to determine the response of t
Alf steg.input and for both heat storage and heat remo*. procl
'Of theflineAr!theory would indicate .that this id unnecAssary.

ensionless firm
divided by the

o get t*. The
evice to get x* and
a fldid particle

it . _The process f

t the syatei7lehavir-t-
e devipes 'will only
being. propoSedby NBS
system to different degrees

seven though the keqults

,

.
.1

. -...... , -
II) demonstrate how different storage devices can p4 compapd based on thelf response to

,a step. function input, the results reference [135] hdyeibeen used to plot the curves in

, Figurg; B12. The curves are plots of dimensionless tempekature difference between the-dhlet
and olitlet of a storage tank configured as in FAUre B7. 'v Both curves are for the same flow

rate cffwatert(transfer fluid) through the storage device. The only difference betwelthe

. two id that on One hand there is a finite resistance to* hbat transfer on the outside o .

pipesf(ho = 56.7 W/(m2 °K)) typical of natural convection in the tank and'on the other,
.

therefis negligible resistance, (h t= *0). The area under the curve represents the amount of

energy transferred in to or away, ?rom the storage unit. As can be seen, the device with the

smallbst resistance-to heatAransfer,is clearly the more effective one'for Absorbing or
. ,....

* releOing*the energy. .
, _

until this point, em4sis has been placed ondiscussing the comparison of storage
,L-'.. *

,
deviges based on,their resporirert-CrIstep increase in inlet fluid temperature.-,Other possi-

bili-lies exist. '
,

. .

second method that could be employe would be to subject the transfer fluid entering

the 4torage unit to a constant influx of heat, q. This would result in raising the temperature

of tle entering transfer fluid (assuming .the specifiiheat ofthe transfer fluid is constant)

by affixed ber=of degrees about the outlet temperature. By measuring the time dependent

Qutl't teinperature one could obtain information that would be* useful in designing collector-

storige systems. yhilellis method simulates more closely the realinteraction between a
collictor and a storagele:Vice; it has the disadvantage that one cannot measure the energy

stprage and removalt.capabliity of the unit. This is due to the fact that if one measured

the heat absorbed by the storage unit over a period of time, it would "justTe equal to q

times the test period or the amount of energy added to the system. Thus the on3' way of

comparing different storage devices ld be to compare plots'of outlet,tempeitature versus
time for different values of Q chosen go as to take into account the different sizes of the

storage units being compared. The storage device with the lowest average outlet temperature
would probably be considered best because this would tend to maximizhe'effipiency of aegor.

a 4 4

c.
A bird method would be to use a time varying Q. and to measure the outlet temperature as

a tuncti of tisle during the testing period.. This would allow one to simulate the' output

of a colle for over one or more days'and to determine the response of the stprage -device.
If the time dependence of Q resulted in an oscillating inlet temperature, onb would also be

able to lo .k at the,degree of stratification attained rn the storagelinit. This method has

the same d sadvantage as,tige secvnd in that it yould be very difficult to compare the perfor=

tisnce.of different storage ices. In addition, one has the'problem of deciding on what is 2

the typic: cycle, for Q; not an easy task when one considers that the output of the collector

depends no only on the weather but on thp particular storage unit employed. The mapr ad-

vantage o this method would be that by inserting an array of thermocouples in the storage

ium, he experimenter could measure th0epperature stratification in the unit.

'LS

aIn_this case, it is only a conceptual representation since the product Mc has not been
t5f

inc ded in the ordinate and the At is dimensionless.
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Stratif cation;'which in water tanks results from different temperature water seeking
its own,dens ty'level, is a desirable characteristic for operation in a solar heating and
cooling syst when the inlet fluid temperatuwo,varies up and down with time. If large
stfatificat' n results -/hen the inlet temperature is either constant or a monotonic (increasing
Or deerea:k g) function of time, it is probably a result of short circuiting flow (i.e. dead
space in a, a'ter tank): Thisashort circuiting of the flow could result in higher fluid,
temperature to the collector and thus decreased efficiency, whiCh could easily off7set the
advantages .f stratification.

4
-

3.3 Relati nship,BetOen the Three Alternative Approaches

The m thod Chosen for the preliminary test procedure outlined herein is based upon the.
first alternative in rich the storage device is stb3ected to a step change in inlet tpmpera-

-- lture and t e response of the outlet4emperature is measured. Some of the advantages of this
approach over the other two have been cited above. In addition, the results of this approach
are relates to.and theoretically could be used for predicting the results under the conditions
of the et -r two approaches. Some of the theory of thermal storage in water tanks outlined
in refere es [130, 131, 132] will be summarized to show this relatidhship.

A
The :asic assumptions in the analysis are:

a) he respOnse of ihe.thermal storage system is a linear function of the change in
he inlet temperature, and

b). he mixing process in the tahlvocan be described by a one-dimensional diffusion,
kquation.

Assumpti
ture to

_where

I .
a.

a) leads'to the following which relates the change in the outlet tempera-
e change in the }nlet temperature:

.

Jat1,....A., .

0 (t) = f w(t
in

) e ([) al
out

o

e.
in

Bout

T. (t ) - T
an o

At

Touto (t) - T
o

At

7 time

= inlet temperature at.time t

" 4

Tout(t) = outlektemperature at time t

T
o
= initial.temperature

Are
, At = step change made in inlet temperature at t=o,

(28)

,is referred to as a superposition function. Solving the one-dimensional di-anslon

e 6

- r
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*5T. 7 ax ax ax ,



rr.s

with the appropriate boundary conditions at the Inlet and outlet, one obtains for the super-

position function,

4'= t/tF

= (1-1)n+1 u
n

2
exp(M)

w(0) =
n + 2M u2)

n

;

F
=.-t/u

t = characteristic dimension of the tank

u = average flow velocity in the tank

1 lu 7

n-
= n

th
solutio' of the equation cot'u =

ut
2 td!

m = mixin parmeter

E =Adiffusio oefficient 0

The indicial response of the outlet temperature, 64), to a unit step rise in inlet temperature

is from equations (28) and S30),

. .

$(4) = f',01(04:0 aT = / o'(r) dT =

0

exp

..

1 - t
...11

exp

..(12,.+` inco 4(-1)n M 0 exp (hi) =-

. n=/ (M2 + 2i.1.4211) (M2 .4112n)
2M

If 'equation (31) As used to 'ploty4l4.6 (qS) as..a function tY0, one obtains the ts=.

shown in Figure 75,, The...curve obtained when M = =1E=0) corresponds to the-case erfect'

piston flow (blug flow) in. whict there is no mixing4hin the tank. There is no response in the
,

outlet temperatuantil the fill time is reached'(47=4'1), after which the outlet tempeture
AlliPi.becomesgge-same as the inlet temperature. When M = 0 (E=0.) there is instantaneous mixing

of the inlet water with the rest of thewater in the tank and this is referred to as the., ,,
. . perfect fixing case. Other values of M between 0 and = result in outlet temperature response

curvegHhich lie betiOeen the piston flow curve and the perfect mixing curve. As in the .,.

Rhalysisi presented by_Yang and Lee41351, the independent time variable here is a dimension-
less qUantity where time has,been divided by the characterigtic'time t/u.

'4.

(4,2:112)

2M

-0i0mr'- (31)

4

f

Looking only at the leading terms in equation (31), one finds that

04) = 1 exp [-a4-4,0)] E4-4,0)

*

M
2

+ 11
2

1

a 21%

4o.
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2M
2

. Yin
4Mu2 exp(M)

o M t

E(+) = 0 (I) <o

1- 4) > o

11

- (M2 + 2M +s4-4)(m2 4: u
.1 1

OS,

t

'p

Taking the natural log of both sides of(32).results in the eq tiOn
r

tn'll-860].= a (0-40) E($- o) (33)

Thus if the experimental results for 1-64) are plotted on semi-logarithmic paper, it becomes-
a simple matter to determine the values of a andA

o
___1

The results in equations (31) and (32) may bb generalized to take into account the effect,
of short circuit flow and dead space in the water tank by introducing the parameters

P = V'/V = effective NPOlumetric ratio

= = effective flow fate ratio

and replacing B(U) by .

; -

q 4;)

- where (V-V') is the dead spaCe in the-tank

and. Artl-ii') is the flow-rate which is short circuited

, Once the indicial response.60) has'been found by the use of equations (31) and (32) or
(33), it.is a simple matter to determine the response to an arbitrary ir4:t temperature 8, (0).

' Since 6(0) = equation (31) gives .

'and thus

01

.

0
out

(0) = f

follow from equation (28).

_ Methods, two and three discussed previOusly,as alternatives for the testing, procedure are
related in this theory to the indicial response method....,This can be seen by examining.the

,,01rOblem illustrated in Figure 76 in Whiqh,:the storage.unit is subjected to a,variable4nflux
crOf:_heat 4 (0). Since the inlet temPeratuie is just

,

91.n
(T) (11:

V.

0

2v°

(3I)

(35)

(0) + A(0)

4
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C

is the temperature rise in the transfer fAid as a'result of adding heat at the rate 4 (4)

. and c is the specific heat of water, one finds that kit. (0)js related to the superposition

. ',funCtiotfn by

.

.5 ;.....e....11.

0
out

(0) = I w(0-T) te
out

(T)*+ A('6) d7 (36)

-c

r
4

The Laplace transform of equation (3E) gives.

.
(37)

( (1.1(s) ,.., A(s)

outs) li-cti(s)

.

z ,.,,,-

,A00, ,
.

1---,

_,vheFe 0, t(s)m(s) and A(s) are the Laillace ti-anfOrms-of Sou,(0), m($), and AqT), respectively.
The indigial response, A(0), to a step change in A is then lated to the Laplace trinEfOim 1

of the superposition function by
-,

0

41(s) 1
A(s) =

s
(38)

where'A(s) is the Laplace transform of A(0). Figure 77 shows how A(0) varies with ,for

different values of the, parameter K. The response of the outlet temperature to an arbitrary,

heaTt*-flux Q(t) can then be predicted using the equation
1 '

-geut(.) = I A'(0 d
m C 7

0 tf
(39)

-:41PP

. ' . . " .

'
Thus_by.finding the indlcial response CO) to a step Change in the inlet taperature, one

mat determine the superposition function to(0). If this IS-done experimentally, one could force

fit the data to alilot similar tOFigure 75 which would allow a water storage `tank to be

described by a single mixing parameter M. A low talue of M for a storage tank would indicate,

.
that the tank was close to having piston flow and thus had a better storage capability_than

.0

A tank having a larger, value of,M. Once the superposition function w(0) was determined;

theoretlqally: one.could predict the resOnse of the outlet temperature to an arbitrary inlet

'temperlire01.11(0) or -Co anarbitrarkheat influx 4.(0). I(
0

The problem th thi9 prO'cidure is Alat the theory outlined above is otnensional and

linear.t Storage viAes &Id/particularly ratei. tanks are three- dimensional and are probably

not completelyflt,ear.4 FOnleZample, it is not uhreagond dble to -expeC4 that a given device

,..,would respond dif rently o a seep r' e in inletltalperature an to a step decrease in inlet

temperature..- In addition or wate ankp, whemthere-is oho circuit flow or dead space

present, one would have i,60 e able meaaute the parameter d in order to obtain's',

unique of M. Cleanly ,this is idpossibility.' " ..

i

. .

3.4 'Recommended Test Procedure .

. . ,-., ,i

50he testing propedurethat As beinepropo d.foi- thehnal, Storalee'd ices is 'given in

Appendix B. As with the collector test prOcedu ;it,has been wrrtten,in a format consistent

with other standards of the American Society o nating Z fRefrigellating, and, Air Conditioning

Engineers. .
sue

, .
.

. ,

-
The test procedure is limited to thermal storage devices that canbe isolated so that 4

-they have effectively one inlet and one outlet.,, The energy or the fluid entering and leaving

the thermal storage unit can be determined by Taking appropriate measurements. These quantities

are4then compared in order to c4lculate.the amEurit'Of,energy storedIr,retrieved during a-

*ticular-tent. Mae fluid can be either,a liquid or A gas .but not ;',;Combination of the two.
.,,,,4

....,
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The_ptipulatl n,ot testing a thermal storage device which has effectively only one,inlet ,

and -one ontlet is not overly reStrietiVe, partf.Cillarlysfor a pebble storage unit, since
t:,

they usually, operate in this manner. When fed with hot, cair from the oliector,' it is blown
through the device in one direction; when heat is to be extracted, the a3. ,444omthe building
distribution system id usual blown through It in the opposite direction.

However, the:situation is different, for other types of units such as water tanks with
iMbedded'neat exchangers. The transfer fluid from the collect8r is fed into and out,of the
unit using one set of inlet and outlet portals when storing energy. Anotber'set is used for.o

exttecting the storage fluid and hence withdrawing energy for use in the. building. heating
and cooling system. It is understood that in testing this latter4type of deviceothe appro-
priate single inlet and single outlet shOuid beused,in the respective tests of energy storage
and energy retAeValo'When there is doubt about the,ultimate use of the device or it has
been specifically designed to.be used in several different ways, all combinations of a ,

-iingleinlet and-dingle outlet should be testect.'- '
, _

1

The procedure as writte in Appendix B specifies the apparitus to be used w en/a liquid
(Figure B5) or air (Figure 1 is the transfer fluid. The detailed requirements the
apparatus are_given along with specification for instrumentation to be used in measuring
teMPerature, temperature difference, liquid flow rate, air flow rate, pressure, p essure

t._drop, time, and mass. For the specification of instrumentation,,emphasis was pla ed on
Utilizingexisting standards and other manuals of acceptable. practice as given in references
[1-101 of Appendix B. The nature of the apparatuses and test procedure makes the tests most
feasfUes for storage units having capacities on the order of 109 J (10% Btu) or less.

,The series of tests that are to be conducted are as follows:

1. One test to determine'a heat loss factor for the storage units,
2. A series of four tests to determine the response characteristics of the device to

a step increase in the entering fluid temperatureAene& addition), and
. .

3. A series of four tests to determine the response'dharacteristics.of the device to
a step decrease in the entering fluid temperature (energy withdrawal).

,..

The heat loss test consists of passing the transfer fluidOthrough the storage unit with_
an inlet fluid temperature of 25 °C (45 °F) above the ambient air temperature and after
steady-state conditions have been,reached, measuring the average temperaturellifference

.

between the inlet and outlet fluid temperature over a one hour period. The rate of -heat loss
is then determined by .

.
-_%,,

in 'WPC

...
.

.

To test the transient response of the storage unit,, the method of measuring the, response
or outlet teMperatdre to a step change in inlet temperature, was chosen as a basis for the

.

'test. This method Was selected because: . ' ''-
. .

(e) it permits the determination of effective etorage Capacity and thus allows an ea §y
comparison 0-difterent-types of storage units, . -

(b) it appears to be the most. fundamental approach since linear thpory shows that;the,
outlet temperature, response to a constant or variable heat flux 4,can be prediCteA,
if one knows how the outlet temperature changes with a step change-in inlet tem,,,

:.
.--...

!Perature *and;
.

, . . . .-

(C), it is felt that the relative performance of storage devices using this method will
.

(t. - t )

- ou
°C 0;0

be the same if either of the other procedures were used.
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.Prior, to discussing the,test procedure for determining the transient response of the

unit, the- concept of a characteristic time, here called the fill time x. will be introduced.

Recall that in tha,;analysis°of Yang and Lee [135], it was possitle to p?esent the response

'characteristics pf the thermal storage unit in terms of,a dimensionless time where Ai&
time is di:k-ided by some characteristic,tipe t/u, the effective path Angth of the transfer

fluid divided by.the effective transfer fluid velocity. _This allows a convenient way of

comparing,storage Units of the same basic design but of different sizes. However, if one

is goingto-compare two s e units (6. entirely different designs, then comparing the

responsethetwo over the's ,period 2/u might be unfair. Consequently, a different

timdfscale is introduced herein that will allow storage units of entirely different designs

to be compared -on an,equitable basis. : ,
,

.
.

,

If a s'torage unit has a specified thermal rapacity Or storage capacity SC, and atransfer
.

.

,_fluid of, specific heat ct is flowing through- the device at a constant flow rate M and has

au inlet temperatue At abofve the initial temperature of the storage device, then the fill

time is defined-by

Inithe testing procedure,'all storage units are tested for the same fill time and then the

thermal. responses compared. In otiEr words, if two different,sensible-heat had the

same storage capacity and were being tested over the same-At but one used water (water tank)

and the 'other air (pebble-bed type) as 'Pie transfer fluid, and-the flow rates were such

that the fluid dwell.times (determinedib 2./u) were identical', it vould,be unfair to compare

the response of the two units over theis e real tine periCd. One would be able to charge

' the water tank with considerably more en over the same time period (approximately by the

ratio of ((il c
t,f

)
water

)/(M c
t,

f)
air

). 1T
.

ecommendation here would be to test the two

units for the same fill time as defined,by equation (41). Consequently, the flow rates

would be adjusted sp.that ((M c A I--)1(i c ),. ) = 1. In other words, the flow rates-
t,f water / t,f air

for-the different units are adjusted so ghat the amount7of energy entering the device (or

leaving for an energy removal test) per unit thermal storage capacity is identical for-the

-tko devices.

The fill time tF and the fiov ra of the transfer fluid M are ?elated in an inverse

manner according to eqaation_(41). 0 e possibility for specifying the test conditions of

the transient tests would be to sPeci the At to be used, allow the experimenter to select

an ril,,and themi0epending upon,the(properties of the transfer fluid (c
off

) and Atorage

capac!ity of the unit, conduct theLtests for some fraction or integral the fill time.

However; the experimenter who was concerned about the optimum performance of his unit would

no doubt select, a flow rate where the relationship between the energy transfer rate and

pressure drop (or power required to push the fluil through the device) was an dptimum.

In, actual installation, the flow rate through and At across the storage device Is controlled

-by the tlow rate through and At across the collector and/or building heating and cooling

system. The flow rate is usually proportional to the collector size and in turn the stRpdge

,,cefacity is usually proportional to the collector size. Consequently, tye ratio of SC/M is

,,constant within certain liMits. As a result, in the test procedure, two dif erent fill

times are specified that are felt to be typical of installed. systl s, the As are specified

according to whether a. liquid or air is the transfer' fluids, and the flow rate to be used

is calculated according to equation (41):
....

.4 .
%

aOne,should recognize that for an ideal water tank where there is
the-above definition of fill time4g-identical with the fluid dwe

"Air creating collectors impose a,muchlhigher At on the storage

eollectors..

/
.lb

i .

ntirely Piston-type flow,
time. -".'kl

devic7' than do liquid heating

4
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According tii:3, ection 8 of AppendiX 13, the heat loss test destribed previously is to be

condUited first.s:llowing th?s, a series,of_eight tests are to be conducted in which first,
,-;..-:, ,--

the heat storage APdcity ,(gour tests) and then the heat removal capacity (four tests) pre
---i--ho be determined. At the beginning, the thermal_storage unit and transfer fluid flowing
through the deice --at, aspeafied M dre alloWed to come into equilibrium at some initial

i
_

i'temperature. The' temperature of the transfer fluid is then increased by an amount At
(specified' below) and held constant. 'the-aindunt Of energy stored in the device over a cer- '
tain fill time(specifiedbelow) is then determined by knowing the heat loss factqr and i
and,hy making measurements of the entering and leaving transfer fluid temperatures_with
spect to time. After the exit luid temperature reaches an equilibrium value, the entering
flui47temperature is suddenly decrealed by the same At and, the amount of energy removed
from the deVice over the same fill time is,then determined in exactly the same way.' .

. .
. .

This process is repes,ted three more times u2pil all of the Following combinations of
. k . ..

the variables and d At are tested: a .

t.

4 , d
,. .... _,

T
F
= 2 h, 4 h and At = 16 °C (28.8.°F), 8 °C (14.4 °Frfor storage devices using a-. .

,liquid transfer fluid, and .. - ---""

yowl= 2 h, 4 h and .A- = 50 °C (90 0-kr) '28 °C (50:4 °F) for storage devices using.
'air as the transfer fluid.

. f---- , ,

When a phase-change'type thermal storage system is being tested that has been. designed to
be "charged" or "discharged" over a specific time period, this time period shall be used

.

as the fill time for testing,indieu.of the above specified values.

Because of the concern that the storage capacity of, lateht-heat type deyices degrade
with number of cycles of operation (152), there is a requirement in the test procedure that
this type of-deviCe shall have been cycled through its cl4ge of phase at least 30 times
prior to being tested. Personnel of the University of Pennsylvania bave,stated that this
may not be sufficient. ,They.have recommended (163) that

.161

Latent heat storage devices ought to be tested, then cycled for 50 cycles, tested, .

cycled for 50 cycles, and tested again. The difference in Storage capacities:b4tween
__any two tests should be less than 10%. The diffprence between the storage capacities

after the 50th and 100th cycles should be less than one-half the diffe ence between
the storage capacities after the 1st and 50th cycles, if both difference are of the_
same algebraic sign. If the former differeace is,larger than one-half of he latter
difference, the device ought-to be cycled for 50 additional cycles and retested.
This rOcedure shall be repeated:as often as required."

Certainly close examination will be made of this factor in the planned carry-on program at .

the National Bureau of,Btandards. 9.

.
i

.

. In addipon to determining the so-called effective capacities for hat storage and
heat removal for the variouscombinations of .c.,, At above, the recommended testing procedure
requires that these effective capacities be divided by the energy that could be stored in
a water tank of tqual volume and in which perfect piston-flow occurs with,zero,heat-loss.
These so -calledperformance coefficients are required to ,be reported in tabular form '(See
ection 9 of Appendix B along with a plot showing the time variation in outlet temperature

.:df-thetransfer fluid for Hach set of tp, and At.
.,

,

o labelled- effective in Appendix Bsince,it is only that part, of the capacity that is
iltied74144ng-the tiMe_period tF

,-45
53



4. Summary

, . 0 . .

The National,Sureau of,Standafdi has underthip the development of testing procedures
for evaluating solar collectors and thermal storage devices as individual components. This

5
repost,covers the first phase of the work which has encompassed a thorough review of previods
studies involving the testing of these components. Relevant experimental results have been

Cited. Based on ttie review,., two test procedures have been written and are inculiided one each

'fOrsolaroand-the'iMal storage devices, respectively.qllector
.

. Co'
,, , :.

. ..

' Solar,,Collectors

The literature review of test methods, revealed many,minor variationsoof two basic ire-
qedures identified asIthe instantaneous procedure and the calorimetric procedure. Each

method or procedure allows the determination of tfie thermal efficiency of a collector.When
using the instantanec4is method,. one measures the mass flow rate of the transfer fluid, the
Idifference in fluid temperature, between the inlet and outlet and the insolation all simul-
taneously and under steady-state conditipns. The instantaneous efficiency is then determined bysteady -state

qu/A ctf(tf,e - tf,i) (6:

V
where

qu = rate of useful energy extraction from the solar co llector,'W

oA = crass-seAnal,area, m2

I = total solar energy incident upon the plane of the solar collector per unit time

per unit area, W/m2

(42)

M = mass flow rate of the transfer fluid though the collector per unit crossLsectionaL
area of the collector, kg/(s m2 .

. .

c
tf

= specific heat of the,transfer fluid, J/(kI
i

-
..

)
-

,e
= temperature of the transfer fluid.leaving thgctolleb*r, DC

__________;;___---- . . '

t
f,i

= emPWaturd-6T-the transfer fluid entering the_gallector-r4C-

e calorimetric method, one employs a/losed system in which the. rate of*change in te6.3-

ure of a constant_thermal mass is measured and related to the incident solar energy byf

Where

M Cp

n."
-

m.= the mass.of the media in the calorimeter, kg

c-

P
= the specific heat of the media'in the calorimeter, 3/(kg °C.i

4

.t ="average temperature.of the media in theealdt7imeter, °C

1 ,

T1= time, s

46

(43)
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1, used for testing water-heatingcollectors 167]. Very little testing has been done on air-

' ,heating collectors. -Four different studies were cited[87, 88, 89, 90] all involving the
use-of'the instantaneous method.

the rdport reviews the testing procedure proposed by Whillier and Richards of South
Africa [311, Robinion and. Stotter of Israel [401, a method used by CSIRO in Australia [44,

.45], laid the test,Rrocedures used in the United States by Barters and Davis of the Jet y

Propulsion Laboratory [511, Moore et.al. of the Los Alamos Scientific Laboratory [52], the
University of Pennsylvania [561, and at the NASA Lewis Research Center [29, 69-77]. All

of. the aboveoited studies involving the testing of water-heating collectors using theein-

.stanteneousmethod. All the tests are or were conducted outside under reel sun conditions
except for the tests at the NASA Lewis Research Center which involved the use of an indoor
.simulator. Only one study was cited where the calorimetric approach has been proposed and

I.,

Nt.
. Based on the literature review, the test procedure in Appendix A was written. The series

of tests that comprise the testing procedure is conducted outside under real sun cbnditions
a_-

_ -
-

-- and the results of the tests are di' splayedsplayed n graphical and, tabular form. .

The test procedure is limited to collectors'that can be isolated so that they have effec-
tively one inlet and one outlet. The energy of th fluid entering and leaving the collector

can pe determined by making appropriate measurements. These quantities are than compared to
the energy incident upon the collector (also4etermided by measureent) in order to calculate
the-collector efficiency. The fluid can be either liquid'or a as but not a combination
of the two.

. . .
.

' As part .of the test procedure, the apparatus to. be used is specified both for when a
liquid or air is to be the transfer fluid. The detailed requil-ements of the apparatus are
giveh along with specifibations forj instrumentation to be used in measuring incident solar
radiatiOrti*temperature, temperature' 'ff ence.liquid_flow ra,te, air flow rate, pressure,

.
., _pressure drof, time, and weight. For specification of instrum'entation,.emphasis was

placed,on utilizing,ke*isting standards and other menu of a ceptable practice.

That:series of tests consist or determining the average-e_.' 'eney for' 15 minute periods
(integrating the edera quantities) over a range of temperature differenceebetweemthe

.
1

. : average temperature and ambient air. The efficiency is then calculated W.:,

t`::
--'` ,

I m c
tf

(tfi - t
f

)(IT . . ..

, ,e
4

s = .

I I PziT

-4

(44) ;*

The fim.rate is required to be steady_and'vary by less than 1.0% for the duration of each

, 'test. Ln addition, the transfer fluid. shall havea known specific heat which varies by less
than O.% over the temperature range of the fluid during a particular 15 minute testperiod.
Consequently, the efficiency caR be determined by:

t (45)
y: I

t
m

I (t'f. - t
fie

)dt

ctf o

r I at
0

The test apparatuses specified have been designed so that the temperature of the fluid
entering the collqctor can be iOntrolled to selected values. Thisjeature i; u to obtain

the data over the temperature range desired. At least sixteen "data points" argequired
for a complete test series and they must be taken symmetrical with-.respect to solar noon
(-t6 prevent biased results dUe to 'possible transient effects).

'The testing procedure itself is equally applicable for testing indoors using a,solar simulator,

. _ ... however, the

r
present version of.the docume t does pot list the requirementc-for such a facility.

,,,-.

47.

t



-.

,

.. .

. During each test/period,the incident solar radiation must be "quasi-steady". Othqr

-trequire= ntsbaz must be satisfied for each 'data-poinr" are that 1.he 15 minute average
insolatio_ be greater than 630 W,m2 (200 Btu,lh ft2)),and the incident angle between the

Sun and the outward drawn normal from the collector be less than 45° In additi6i, the
range of atbient temperatures.far the entire test series must be less :.han 30 °C 154 °F).

The measurements made and the calculated effidiency for each "data point" are reported
in tabular,form as well as on a two-dimensdnal plot. The ordinate is the efficiency and

-the abscissa is the =.eaurru temperature d4fference divided by the insolation. It is reccr.--

mended that the uny.S be standard Si or -that the abscissa be made dimensionlets by dividing
the temperature di.ference by either 106 °C or 212 °F and the Insolation by the solar con -

' scant. It is expected that a "straight-line" representation will suffice for most conven-
.tional flat-plate collectors. Representation of the-performance of a concerorating.collector
or high-performance flat-plateicollector on such a plot viii probab'y require the use of a

.

"higher order fit ".

Thermal Storage Devioes
. aP

The development of analytical ezdels whIch would aid in predictdrg the perf-=nce o'f
thermal ener&,, storage units nas been,nana-.ospp;Id by the extremattomplex--y.of-thp phenomena -

involved. For -27.=p1..e, water Tanis involve three-dimensional nixing. The systems employing
inorganic salt hydrates irvolvT complicatedteat transfer, truclTaation, crystal growth, and

,indongcnent neltIng. In addition, the total =cunt of Ani.-7'clal and expimenta2 work done
on thermal storage devi'ces as s.ngie components is IP1' in comparison to the attention that

.."

has been given to solar colleciws.

The most extensive work on water storage tPlien has been done` in japan il30 131, 1323

where tais tyre of devidsmnas 'oeen 'inest:gated bctn theoretically aai experimentally. Some

recent analytical won: tas been dope in cnis co...ntry o the behavior of water tanks by Phillips
and Pate 1133, 13:., and the tehavior of heat exchanger -type thermal storage units in,general
(including wliter terms; by Yarjan-tlee ihe above cited papers'have been reviewed
ang diScussed in the report. I

The method which has n most commonly employed in testing of water storage tanks in
Japan [130, 131; 132: is to cause the transfer fluid entering the storage device to undergo

a ster+change temperature and to -easure the temperature resconse of the tranefee fluid
leaving the storage unit. By in, tins the difference in temperature between the inlet

_,and outlet over tlie testing per rod, 'multiplying the result by_ the transfer fluids' maSh
flow rate and specific teat, one can a 'ermine the aMatInt of heat added or removed during

this time period. If the time period c sen for - the test is sore characteristic time

depending upo5,ttie size oS the 'stot.ge device chosen, heat storage canabi;.ity of different

. devices can be compared. ,This tradedure has been adopted and its as inteeal part of the

pr000sed test procedure_fqr thermic .-storage devicesg*en in Appendix B.,
. . .

' The test procedure is limited to the.-=1l st.olage deVices shat can be iso:likei so that
they, save effectively one inlet and ode outlet. The energy of the fluid entering and leaving
the thermal storage unit can be determined by making appropriate measurements. These quantities

. are then compare& in order to calculate the amount of energy stored or retrieved during a

. particular tea; The fluid can be either a liquid or ,a as but not a combination of the two.

s

' .

: - . ,,-- - . .

The'-procecure ajtwritten in Appendix Bsspecifies the apparatus tc be used when a liquid

or air is to be the transfer fluid. Th :.ailed requirements of the apparatus are given
along with specif.scation4,for instrum ntation to be used in measuring temperature, te=perature
difference, iiquV flow rate, air1-flow rate, pressure, pressure drop, tine, ardrmass. For

,,rp. J.
the specification of instramen..ati,,, emphasis was placed on utilizing existing'standards'adi
other manuals of acceptable practice. The ziature'zf the aPPeraf,Dserand test proceduretmakes
thA, tests mc t fegsible for storage units having thermal capacities On the Ilps,7

, . 1
. 1106pu) less. , , '.-."

'4856
Wirok,

. 4 .
-
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The series'of tests that are to'be conducted are as follovs:

1. Onetest to determine a heat loss factor for dhe storage unit,
2. A series.of four tests to determine the resmonse cnaracteristics olithe device to

a step increase in the entering flui4 t ture (energy addition), and
3. A series of four tests to determine.the r V.se characteristics of the device to .

. a step decrease in the enter4ng fluid temperature (energy, withdrawal).

The heat loss test consists of passing the transfer fluid thro)-gh the storage unitwith
an, inlet fluid temperature of 25 °C °F; above_the ambient air temperature and after steady-
state qohditions save been reacted, =easuring the average temperat,rpdifference between the
inlet and outlet fluid temperature over a. one tow- period. The rate &f peat loss is then
determined by

c . (t - t 1

t: to cut

25°C '(1.6)

inW°C.

Fdllowinei the neat loss test, a series of eight tests are to be conducted in which first
the heat storage capacity .fo-s tests, and then the teat rsmoval capacity (four1Eests) are
to be determined.. At the beginning,the therm al.stcrage unit and transfer fluiA flowing
through the,device at a specified average =ass flow rate are alloyed to came into equilibria
at some initial temterat-re. The temperature of the trahsfer fluid is then increased by an
amount At (specified belov; and held constant, The amount cf energy stored in the device
over a ceriiin test time .siecif _ ed telsw. fs then determined by emoving the heat loss factor
and n 4..a.d by.makingeas-re=ents of toe enter-ng anoleaving transfer fl.id teeperaturesc th
respekto tine. A`ter the exit fl..li_temperat..re-Z-eaches an equilitgiun value, the ente ing
fluid temperature is suddenly decreased by the same At and the amount of energy removed f
true devicedevice over the same test ti=e is then determined in exactly the same way.

ThiskIcess is repeated three =ore times.antfl all of the following octbinatiOns the

testmdme'(-z) are testgd:

t h ard .1t = 16 °.0 :26.e 8 9C (1:=.= °F) for storage devices usidg a liquid-

transfer fluid', and

= 2 h, - h, ant At =50.°C::90 Q.0 (50.= °F) for storage devicds using air as

the tranv'e- .

a.phase-change type ther=al storage system is being tested that has been designed to be
ged" oi"dischargee,seera specific time he::iod, this tine peri'qd is uted as the test,
:for-testing in lieu of-the atoVe;Specified

/

ly

1
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6. Appendix A
0 Q.

_

Methods of Testing for Rating Solar Oollec
Based on Thermal Performance

. op/

SECTION 1. PURPOSE

rs

1.1 The purpose of this standard is to provide test sethods for ,deter-.
mining the thermal performance of solar collectors which hedt fluids
and are used-in systems to provide the thermal reauiremeftts for
heating, cooling, and the genera ion of domftstic hot water in buildings.

SECTION 2% SCOPE
.

2.1 This standard applies to solar collectyrs in which a fluid enters
the device through a single inlet 4..nd leaves the device through a

single Cutlet. The collector conteilang more-thanOone inlet and/or
outlet can be tested according -"this standard ,i-ovided that 4e.

external piping .can, be connected in such a Way as to effectively
Provide a single inlet and/or,outlet for the determination of the

lkliroperties of the fluid entering and leaving the collector.

?'h fluid can be either a gas-or licuid 'our not %mixture of the

tw . The:collector can be a,concentrating collector proyided thkt
the .1perture or iriterception areacfor the device can be determined.
The collector may have the capability of rotating so as to track

the sun.

2.2 This standard is not applAable to those configurations in which A0-0000.-.6.

the flow into the collector and Out of the collector cannot be re-

duced effectively to one inlet and one outlet. This standard is not

applicable to those collectors in which the thermal storage unit is

an integral part of the collector suchthat:the collection process

and storage process cannot be separated for the purpose of making

measurements.
,

- .

2.3 This standard does not address factors relating to cost or considera-
tion of requirements for interfacing with a specific heating and

cooling system. . -

.

.

,

. %. .

. .
..._----

2A The present version of, the 4andard prides test Methods for deter-
.

.
mining the steady -state efficiency of solar coilect9rs. The transient-

- response of solar collectors cannot be determined with-the test

methods outlined herein.
v

.1.3T
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SECTION'3. DEFINITIONS

3.1 AMBIENT AIR

Ambient air is the outdoor,air in the vrcinityof the solar collec-

tor being tested,

4

3.2 ABSORBER

The absorber i§'..that part of the solar collector that receives the
incident solar radiation and transform's it into thermal energy.

#,:'It is usually a solid surface through which energy- transferred 'N\

to the trans ter fluid; however, the transfer fluid" - self could. .

be the absorber in the case of a "black liquid "."
I-

c

, APERTURE

- The aperture its the opening or projected area of a solar collector'
through which the unconcentrated solar energy is admitted and di-

rected to the absorber.

3.4 CONCENTRATING COLLECTOR

3.5"

kconcentratirg collector is a solar collectot that contains re-

flectors, lenses, of other optical elements to concentrate the-en-

ergy falling on the aperture onto a heat exchanger of surface area .

smaller tha the aperture.

CONCENTRATOR

The'cOncentrator is that part of a concentrating collector which`
directs the incident ¢olar radiaticp onto the absorber.

3.6 COVER PLATE

The cover plaie.dtsignates the 4iathermanous-. material or materials
covering the aperture and most directly exposed to the solar
radiation.arThese materials are generally used to reduce the heat

. loss from the absorber to the surroundings and to protect the

absorb.er

3 FLAT -PLATE COL LgCTOR4,

R.

, .
,A flat-p late collector is a solar collector'in whiclythe solid

&,urCice absorbing the incident solar radiation istessentially.

flat and employs no concentration. '.

. . ,



o

3.8 GROSS CROSS - SECTIONAL AREA

o Gross, cross-sectional area is the Overall or outside, area of a
flat-plate collector. It is usually. slightly larger than the ab-
sorber.area since it includes the framework required to hold the
absorber.-

3.9 INCIDENT ANGLE

The incident anglp is the angle-between the sun's rays and the out-
ward drawn normal from the solar collector. i'44"

3.10 INSOLATION
aer

Insolation is the rate of-solar radiation received by a unit sur-
face area in unit 'time (4/m2, Btu/(h ft2))%

3.11 INSTANTANEOUS EFFICIENCY

The instantaneous efficiency of a solar coll ector is defined as'
the amount,pf,energy.removed by the transfer fluid per unit of

Iran parent frontal area over a gi.en 15 minute period divided
by the total incident solar radiation onto the collector per unit
area for the 15 minute period. 4t_

3.12 INTEGRATED AVERAGE INSOLATION,

The_ integrated- average ins*tion is the total energy per unit area
Creceived by a surface for a specified time pericid,divided by the
time period (4/m2', Btu/(h ft2)).

.

, t,

.

3:1e 34, ,PYRANOMETERp- , 4 t. , . \
. )

.
A pyranometer is a radiometer used to measure the total incident

'.solar energy per unit time per unit area upon a surface which in-
cludes.the beam radiation from th'e sun, xfie'diffuse radiation front
the sky,..and the shortwave radiation reflected .0Om the, foreground.

.344.' PYiultLIOMETER*
.

II v

I"
,. A pyrheliometenis a,radiometer used ,to measure the direct or ,beai

`radiation on a surface normal to the.sun's rays':

..., ,. .

O
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-3.15 QUASISTEADY

Q

.
Quasisteady is the term used in this'document to deser,ibe the state
of the solar collecto'r test when the flow rate and temperature of
the -fluid entering-the collector is 'constant but the exit fluid
,temperature changes "gradually" due to the normal change in inso-
Jatian that occurs with time for clear sky conditions.

3.16 SOLAR COLLECTOR

A solar collecto is a device designed to absorb incident solar
radiation and to transfer the energy to a fluid pegging in conta\
with it.

3-.17 TOTAL INCIDENT 'TNSOIATION

'Total incident insolation fs the total en received by a unit

- surface area for a specified- time period (J/m2).

3.18 TRANSFER FLUID
t-

--- The transfer fluid is the medium such as air, water., or other fluid

which passes rough or in contact with-the solar collector d

'carries the t ermal energy away from-the collector.
11

3.19 TRANSPARENT FRONTAL AREA.
_

.

The/transparent frontak area is the area of,the transparerit frontal,

surface for-flat-plate collector.,

3.20 .STANDAD AIR

. Standard vir is air weighing 1.2kg/m (0.075 lbift.), and is
3

equivalent in density to dry air at a temperature of 21:1 °0*(70°F)

and a barometric ,pressure of1.01 x 105 g/m2 .(29,92 in of Hg)

'3.21 'STANDARD BAROMETRIC PRESSURE

1.01 x 105 N/m2 (29.92 in,. of jig)

4
.

;

,SECTION 4. CLAtSfFiCATION§

4.I Sola, collectors may be classi
characteristics, the.way in w

pf,transfer*fluidthepemploy.

II

r

o

ied.accordin o their collecttpg .

ch they are mounted,eand the0tAke

140
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skt

4:1.1 Collecting Characteristics. A -concentrating or-"flat-

plate" collector is one in which the absOrbing surface for
solar radiation Is essentially flat w th no means for con-

centrating the incoming solar radiation. A concentrating

0 or "focusing" collector is on which usually.?cotains_re-74,

flectors or employs other optical means to concentrate the
energy falling on ttheaperture onto a heat exchanger of
'surface area smaller than the aperture,

.0

4,1.2 Mouning., A collector coan be mounted to remain stationary,
be adjustable As to tilt angle (measured from the horizontal)

"%to follow the change in solar declination, or be designed
to track the sun. Tracking is done by employing-either an
equatorial mount or an.altazimuth mounting, for the purpose
of increasing the absorpton f the °daily solar irradiatiOn.

4.1.3 Typeof luid.11 collector will usually use either a lig- o

uid or a gas a the transfer fluid. The most common lig- -

.uids are wate or a water ethylene glycoldo..olution. The

most common gas is air. -

SECTION 5. REQUIREMENTS -°
map-

.

Solar collectors shall be tested for rating in accordance
provisions set forth below and in Section 8.

_ .
,

'5.1.1 The size of collector testeol shall be large riough so that
the performance characteristics detevlined will be indica-
tive of those that would occur when the collector is at
of an installed system. If the collector is moduiar and

1

the test is being'donelon one module, it gould belrlounted
and insulated in such 4/way that the back and edge losses

1 will be characteristic. of those that will occur during op-

eration on a structure. 1

with the

5.1.2 'The collector shall be mounted in a laation such that there'

will be,no significant energy reflecttd or reradiatd onto

the colle64tor from surrounding buildings oeany othe sur-

e. faces in the vicinity. of the test stand for the Huration

the teSt(s). :lids will be satisfied if the ground and

immediately adjacent surfaces are diffuse "iith a reflec-

tance of less than 0.20. If significant reftectionw 1

occur, provision' shall be made toshieldebe coket.tor

the use of ,a non-kleflecti shield. In additi n, the teae:

stand shall be located So.t at a shad will -n t be Cast,

onto the collector at any ti eduring the test! etiod.,4x
,'

4

.-

/..



5,1.3 The test(s)- shall be. conducted on days having weather _con-

.? ditiona_ such that the 15 minute integrated average insole-

tion measured in the plane of the CollectOr
v

or aperture,

-reported, and used for the computation of instantaneous . -

_
efficien4 values shall-he a= minimum (:). 636W6 -(199.8.8tUR
h.ft2)). -Specific valtes-that can be expected for clear sky

conditions are showffin,Tables Al'through A6 taken from _

reference ft]. More accurate estimates. can be made using

-the tables in coAunttion with clearness-numbers *. -

5.1.4 The orientation of the collector shall be such that the in-

cident angle (measured from the normal to the collector '

surface or aperture) is less than 45° duffing -the period in

which test data is bei:ng 'taken. = Angles of incidence can-be

estimated from TableS- A7 through Al2 taken from reference

[2j. More accurate estimates can be made using the- proce-

dures outlined in references Di, p. 393 or [4] ,:pp. 283-

292.

5.1.5 The'air velocity across thec011ector:sulface ot.a. flat-
-

plate °collector or aperture Of e- concentrating collector

during the test(s) shall be measured-* the meesureme shall

be made at a distance of approkimately-Z.m (3.3-ft) rom the

collector along ,the "directiomit ficeS and at a_hei t cor-

respondinel.to the center of the.- collector=- panel.

5.1.6 The=ran,ie-of ambient temperatures for all reported to t

points comprising the "efficiency curve" shallibie 1 ss than .

30°.0 (54°F).

,

A
4 5 1.7 The transfer 1iiid-ii4 in the solarcollector shaflhave

- ,1." a known, specific heat which veries5:byt-less than 0.5% over

.
the temperature range QE-':the full'.d' a_dring, a particular- 15

_.minute test period... - -. -, -

40-

, . -

1

-

SECTION 6.1 INSTRUMENTA ION
.

.

:"SOLAR RADIATION MEASUREMENT
-

'6:1.1 A pyranomete shall be used to tpasure'the total short-Wave

radieflon-fr J:loth-the sun. and the sky. The instrument

shall have:. 011bwingcharacteNtics (St:. _



t.

`ov
t

11.

6.1.1.1 Change of Response Due to Variation in Ambient Tem-
_

Perature. The instrument.shall either be equipped .

with tempetature compensation circuit,

- and have a temperature sensitivity of less than,.

1- 1 percent over the rage of ambient temperature
encountered, during the test(s) or have been .tested
in a temperature-controlled chamber over the same
temperature range. so that its temperature coeffi-
cient has been determined in accordance.with re.fer-

ce [5]. tr

6.1.1:2 Va iation in S e s onse. Errors ClIgiled by

a departure from q ed spectral response of

the sensor shall eed percent over the

range-of interes

' 6.1.1.3 Nonlinearity of R sponse. Unless the pyranometer

was supplied with a calibtttion curve relating the

' output to the insolation, its response shall be

.
within +1 percent of being linear over the range

of insolation existing during the

6.1.1.4 Time Response of Pyranometer. The time constant,

of t1 e, shall hp less than 5 s.

al

the

not

6:1.1.5 Variation of Response With Attitude. The calibra-

tion-factor of a.uranometer can change when the

instrument is used in -other than the orientation

for which it was calibrated., The instruments' 'A,

calibration factor4ipcluding correttions). shall

'change less than,:+0:543ercent compared with the

calibrated orientation when placed in the orienta-

tion used during the 46stcp.

6.1.1.6 Variation -of Response With Angle of Incidence. .

Ideally-the response of the 'receiver is propor:
tjohal to the 'cosine of the zenith angle of the

Solar beam and it constant at all,azimuth angles.
-.The pyranoMeteris deviationfrom a true cosine

responseshall be,less than +,1 percent for the
incident angles ,encountered`during the teat(s).

' ).t

Pyranometer...thermopiiles whiCh are "a1,1 bit and which are coated with

Parson's black or 3M 101C1.0 ,velvet black paint and which have selected

0
optical grade' hemispheres usually satisfy-this requirement [5]. Note;

Identification of ommercial materials dos not imply recpmmendation-Or

endorsement by thelkational.,Eureau of StanUards-

'

of

1113
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* 6.1.2 The pyranometer shall be caliated within six months of

-the,. collector test(s) against other pyranometers whose cal-
uncertainty relative to recognized measurement

standards is known*.

6, TEMPERATURE MEASUREMENTS .

6.2.1 Temperature measurements shall.be made in accordance with

ASHRAE SeAndard 41-66, Part 1 [6] -.

r
6.2.2 Temperature Difference Measurements Across the Solar Col--

lector. 'The temperature difference of thetransfer flui

across the solar collector shall be measured with:

a. Thermopile (air or water as the transfer fluid)

-.

b. Calibratedresistance thermometers connected
two arms.ofo. bridge -circuit (only when a liqu'd

'is the transfer fluid)
..- , _,

*
*

,.7_,

6.2.3 The -accuracy-and precisioof the instruments and`-their

:associated readout devices shall be_ within the limit as

follows:
. _. _____, 1

* trument-ACcuracy**

Temperature

(+ 0.2 °) _TTemperature
Difference

.4.010..196-(+ 0.9°F)

r."

6 The abilit of the instrument
0,, - stioeq.ua ity. .

, -:..-Nii:

Instrumene',-Precisitn**

-4 0 .2 0C Z-1- 0.4 °P

+ 0 1PC -(-F 0.2 °P )'

4.:'One.1nation'ally'recognizeil 41.4.bation. center i.s the Eppley Laboratory
. .. ,,

in Newport4 Rhode Island:- ie,c41..ii)ration datre commonly expressed

in'co41.4=4- min) or in 14 Oakiii11.- * some tItteorological services.;

calibratioh data are sup01444.1iaill*att/c64. The following equiva:-
- *is- :-..'-e'or iSVI,

1e waif's strall be ur-ted:-.:, 4.- 4:.&;,?
.*?i.,,,t. :
-:.,..-40.

I. cal/ (cm2 min'Y = 1 ly .00143'4 -"WW
(.

*

1 mW/cZ= 0.1
f

iii,!3indicar'etbe true value of the mea-
_

* * tt, 'SI: 4. -.

Closeness of agreement among repeated meagureiyents

cal quantity. -- . -- , ..,^.-461;.e..:
.:': ;:- 4 *.

N

. ,

. . X'. r :
;

a ,

. t., :
r

,.: . ...
..4.

.:

I a ,

o

of the same physi--
i

+1.
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6.3

6.4

6.2.4 In no case should the smallest scale division of the instru-

ment or instrument system exceed ra times -the Specified

precision. For example, if the specified precision- is +;

0.1 (+ 0.2')F), the smallest scale division shall.nirl.exceed

0.25ct (O.5k)..

l6.2-5 :The instruments shall be configured a used in accordance

:with Section 7. of this stanTard.

6.2.6 When UsingithermopileTr they shall 1)e constructed in acc'or-,.

ance with ANSI Standard C96.1-1961, 1969)-[7].

LI ID FLOW MEASUREMENT.
a

4(.."%4****%-....

6,3.1 The accuracy of the liquid flew rate measurement using the".

calibration, if furvished shall be-equal to or better than

+ 1.0% of the measured varue. 1

INTEGRATORS AN RECORDERS

6.41-.Strip chart recorders used shall have an accuracy equal to

or better than + 0.5% of the temOeratufidierellce and/or

voltage measured and have a'time constan of 1 s or less.

4 ,

;-4 2 Electronic integrators-used shall have an accuracy-equal' .'

to-or better than + 1.0% of,0e measured value.

I

6.5 AIR FLOW MEASUREMENTS

When air is used as the, transfer
termined as described in Section

i'6.6 PRESSURE MEASUREMENTS

aV

. _

6.6.1 Nozzle Throat Pressure. The pressure easurement at the

nozzle throat shall'beTigte with instr ents which shall

permit measurements of pressure to withi + 2.0% absolute

and whose smallest scale division shall not exceed 2 1/2

times the specified-accuracy,[11].
.

--

,y-

fluid, air flow rate shall be de-

7.

9

.
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6.6.2 Air Flow Measurements. -The static pressure across the noz-
_zie and the veloci4y pressure At the nozzle throat shall be
measured with manometers which have been calitWated to have
an accuracy to within + 1.0% of the readino. The smatlPse
manometer scale division shall not exceed 2.0% of the read-1
ing 1111.

6.6.3 Pressure Drop Across Collector. The static pressure drop
across the solar coLlectrla shall be measured with 4 manome-
ter'having An accuracy of 2.49 N/m2 (0.01 in., of water)%

.

.. .

, 6.7 t'IME ANE MASS MEASUREMENTS`

. .--
.

Time measurementsiand as measurements Atli qe
cur4-cy'of,lt 0.20% 1111.

\sY : -

-,

,

A

made to an ac-

WIND VELOCIT

The wind velocity shall be measured with an instrume and associ-:,

'ated readout device that can determine the inteeateil aye e wing
velocity for each -1-5 minute test period to an accuracy of:4- 0.08
misfl!8 mph).

po
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SECTION 7. APPARATUS AND METHOD OF TESTING

A

LIQUID AS THE TRANSFER FLUID

The test - configuration for the solar collector eploying-114uid asm

the transfertransfer eltid is shown inFigurt Al*. -

OS. -

-

. .

7.1.1 -Solar Collector. The'solar collector- should be.mounted in

its..rigid frame at the predettrmined tilt angle (for sta,.,t
..

tionarycolleetors) op/movable ftame (ier movablecollec-

' tors) and'anchoredrigidly enough t4a4loundation sh:that
the co]lector can hold itoselecte4ngular positiOn against

a ng gust of wind. ,

.

,

.

. .

. . ., I.,

.7.1.2 Ambient Temperature'. The ambient temperature sensor SIll .

:.1:.:e housed in a well-ventilaCoed, instrumentation shelter with

its bottom 1.25 m (4.1 fO above the ground and with its
4 4

door facing north, so...tflat the sun's direct beam ,cannot fall
,.

6 ulpop the sensot whelf the dobr is opened. The instrument:
! shelter .shall bt painted whit.e outside and shall'notbe,

clbser to any obstruction than twice the height of the ob-

struction itse (i.e., trees, fences, bui,ldfbgor etc.)

[15]. 4.

7.1.3 P ranometer. pyranometer shall be mounted cm he our:

allel to the.collector surface in such a ma er that.

it does not cast'a shadow onto the collectot plate. Precalr-

dont should beradways tak9fto avoid sUbjeceingthe'instru-'
meet to mechanical shocks or vibration during the'installa-

tion. The pyranometer Should be orAented.b that the elliergL,

ing leads/or the connector are lodated.porth of the receiv-

ing surface (in the_Northern Hemisphece)%1Lare in some oer°:$:

ann r shaded. .Thio,iiiii,imizepowheating of IIPPie electricaK9lon-

n ction's. by the sun. t . - . .

"e.
.

0

..

Care should' also bI aken to minidize refleq,p0.and reradiated

energy-from the so .collector tInt6,the pyranomeear.. Some I,'
vytanometers collie plied with shields., .114s Should. be IIP -

adjusted so.that t

41,

highest' point on the 'Wield lie's papal- *

lel to:and_dust Alow the plane qf the thermopile. Someg

pyranomeeers not supplied yith.* shield, May be susceptible. ey

to error due to reflections by radiation that' O.ri4ginates'4

below the planeohe thbrmopile. Precautions can be P.
.

taken by constructs. g a'eylindrical shield; the tOp of %4liA
;

do. should be coplaner with the thermopile [5],t.

The ren4ffiTended apparatus Con4stsof a
open l9opconfiguration is an acceptable

.Celt conditions specified herein can 4e

N 4

_

closekgeop 'configuration.' An
_ajteinative prov"ideethat the

satin

1.89
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7.1.4 Temperature Measurement Across the Solar Collector. "The
- temperature difference 'of the transfer'fluid between enter-

ing and leaving the solar collector shall be measured using
either two calibrated resist4nce-thermomaters connected in

,

two arms of a bridge or a thermopile made from calibrated,
type T thermocouple wire all taken from a single spool. The
thermopile shall contain any even number of junctions con-

s strutted- according to the recommendations.in reference [7].

Each resistance thermometer: orteach end of, the thermopile,
i4 to be 'inserted into a wel1481 located' as shown in Figure
Al. rTo insure good thermal contact, the wells shall be filled
with light oir. The wells should be located just downstream
of a right angle bend to insure proper mixing [6].

To minimize temperature measurement error, each probe should
be located as close as possible to the inlet or outlet of
tilt solar collector device. In addition, the piping between
the wells and the ,collector shall be insulated in such a,

manner that the calculated heft loss or gain from the ambi-
ent air would not Louse a temperature chapge for 'any test
of more than 0.05°C (0.09°F) between each well aril the col-

-lector.

7.1.5 Additional Temperature Measurements. Tie temperature of the
transfer fluid at the two pesitions.cited above shall alSa
'be measured by inserting appropriate sensors into the wells.
Reference {6] shoirld be followed in making these measurements.

7.1.6 Pressu4e Drop Across the Solar Collector. The pressure drop
across the solar coiiectpr shall be measured qs,ing static
pressure tap holes and a manometer. The edges of the holes
on the il6side surface of the pipe should'be free of bui-rs
and should be as small as practicable and not exceeding
1.6 mm (1/16 inch) diameter [12]. The thickness of the -
pipe wall should be 2 1/2 times the hole diameter [12].

7.1.7 Reconditioning Apparatus. As shown in FigUre Al, a heat
echanger is used to cool .the transfex fluid to simulate
the building'load an adjustable electric resistance
heater is used eo control the inlet temPetature to the
prescribed test value. This combittatioti oeeciiiiiment or
equivalent shall control the Cemperature of the fluid en-
,tering the solar collector to within +!0.50C 0.9°S)
at all times during the,tests.

.

4 '

7.1.8 Additional Equipment. A pressure gaUg , a Pump, and a means
of adjusting the flow rate of`the trap fer fluid shall be
provided at the relative locations sh in Figure Al. De-
pending upon the test _apparatus.desig_, an additional throt-
tle valve may be required in tbelline. just preceding the
solar col-lector-for proper control. Ah expansion tank and

.
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7.2
! !

. . 1.

a pressurejelierval e sbould be installed to allv the
transfer fl.utd to fr ely 'ex?and and contract in the appara-
tus*. -40.dditiow, filters should be installed within the
apparatus as well a a sight glass to insure that ohs trans-'
fer fluid passIng hrough the collector is free of co tami-
nantS incalding a bubbles.

AIR AS THE-TRANSFER FL-11
. . ,

. .

The test configuration :or the solar collector employing ai as they
transfer fluid i8 shown in Figure A2 * *. .

7.2.1 Solar Collector. The solar collector should be mown ed In
its rigid frame ht.the predetermined: tilt angle (for sta-
tionary,colleCtors) or movable frSme (for movable cllec-
tors) and ancnord rigidly enough to a foundation so that
the collector can ,,hold its selected. angular positio against
a tong gust of wind. .

7.2. *Ambient Zemperatu e. The ambient temperature sensor shall .

be Soused in a we 1-ventilated instrumentationshe ter with
,its bottom 1.25 m (411 ft) abOve'the grgund and w' h its
door facing north, so that the sum's direct beam annot fall
upon.the sensor when the door is'opened. The ins rument
sheleet shallpe pai\nted.white outside and shall of be ,

closer to any obstruction than twice the height Tthe oh-

struction itself (i.e., trees, fences, buildings, etc.)
(151.

%

7.2,3 vranometer. The pyranometer shall be moOted n the sur-
e parallel to the collector surface in such a, manner

t at it does not cast a shadow onto the cone Qr plate.

P ecautions shbuld be always taken to avoid s bjecting the
trument to mechanical shocks or vibration during the in-
flation. The pyranometer should be orie ed 'so that the

eT, ging leads or the connector are located north of the
rec iving surface (in the Northern Hemisph e) or are in

.

some other manner shaded.' This minimizes eating of the
elec rical connections'by the sun.

.

k

Figure Al should not be interpreted to mean that t e relief vale and
expansion tank necessarily be located below the

11,

**'
'The recommended apparatus consists of a closed lop configuration. An

open loop configuration is an acceptable alternative provided that the
test conditions .specified herein can be satisfied.

solar collector.

i49
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Care should alL).be taken to minimize, reflected and reradiate4
energy from the solar collector onto the pyranometer. Some
pyranometers come supplied with shield. This should be ''

adjusted to 'be parallel to and to lid dust below the plane
.of the thermopile. Some pyranometers not supplied with
a shieLd may be susceptible to error due to reflections by
radiation that originates below the plane of the thermopile.
Precautions van be taken by constructing a cylindrical shield,
the top of which.shouid be coplaner with the thermopile [5].

,

7L2.4 Test Ducts. The air islet, duci, between the air flow mea-
suring apparatus and the soiai collector, shall have the
same cross-sectional dimensions as the inlet manifold to
.the polar collectA. The air outlet duct,'Setween theto-
lar collector and. the reconditioning apparatus, shall have
the,same cross-sectional dimensions ab the outlet manifold
from the solar collector*.

7.2.5 .Temperature Measurement Across the Solar Collector. A Cher-
mopile shall be used to measure the .difference' between the

inlet air temperature and outlet air temperature of the so-
lar collector. It Shall be constructed from calibrated
type T thermocouple wire all taken from a single spool.
Np gxtension wires are'tQ be used in either its fabrication or
installation. The wire dli.ameter must be no larger than 0.51mm
(24 MO and the thermdpile shalb'be fabricated as shown in
Figure A3t. There shall be a minimum of six junctions in the
air inlet rest duct and six junctions in the air outlet test
duct. These junctions shall\ be lqcated at the center of
equal cross - sectional areas.;

Durin\ all tests,, the ivariation in temperature at a gived
v

cross section of the air inlet,a 'nd air outlet tgst ducts
shall be less than + 0.5°C. (+ 16.-.9°R at the locdtion ofthe
thermopile junctions. The variation shall be checked prior
to testing utilizing instrumentation and procedures outlined
in reference [6]. If the variation exceeds the limits abpve, .
mixing devices shall be stalled to achi4e this degree:.
of temperature uniformit . Reference [16] discusses the
positioning and performance of several types of air mixers-.

The ends of the thermopile should be lOcated as near as pos-.

sibid EO the inlet and outlet of the solar collector. The
'air inlet and air outlet ducts shall be insulated in sucha
manner that the calculated heAt loss or sain.to or from the
ambient air would not cause a temperature change for any test .

*
The performance,o air heaters is expected-to"be affected by the duct-
work eriterbng and leaW.rig the sola'r collectof considerably more so fban
in the case of solar c6ilectors using a liquid as the transfer fluid.

150
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of more- than (0.09°V) between temperatuke mea-
suring"suring jocations and' the collector.

7.2.6 Temperature Measurements. Sensors apd readlObt device's
'meeting the accuracy requiements of Sectfoh, 6. and giving
a aontinuous reading shall Se used to measure the tempera- ,

'ture at the locations in the air Inlet and air-mttlet dUcts
shown in Figure A2. Reference [6] shoull be followed in
making 'these measurements. -

)

:-3.2%
'

7 Duct Pressure Measurements. THe static pressure dro0 acros,s, ,

the -solar collector shall be Measured using a manometer s',
. .--

shown fn Figures A2 and A4 [11]: Each side of the manometer -

shall be connected to four externally manifolded pressure "
taps on the air inlet and air Outlet ducts. The pressure
taps should consist of 6.4mm (1/4 inch) iiippleS soldered
to thie,auc't and centered over 1 9m (0.040 inchy diameter holes...

' The edges of these holes on the inside surfaces of the ducts.
.'should befree of burrs and other surface irregularities 1121.

,
- .

Air Flow Measuring Apparatus. Where the air flow rate is
sufficiently large, it shall be measured With the noz440C77
apparatus discussed. in Section 7. of reference 1111. . 4s

shown in Figure A5,,this apparatus consists basically of.
,a receOing chamber,,a discharge chamber and an,air flow
measuring'nozzle. The distance from the center bf the noz-
£le to the sidewalls shall not be less than 1 1/2 times
the nozzle throat diameter, and the diffusion baffles shall
be installed in the remeivtng chamber at least 1 P/2 mozile

oat diameters upstream of the*nazzle and 2 1/2 nozzle
roat 'diameters downstream of the nozzle. The, apparatus ti

,should be designed sb'that the nozzle can be easily changed,
and the nozzle used on each test shall bp selected so that

enthe throat velocity is betw 1Vm/s (960 fpm) and 35 m/s
(6900 fpm). When nozzles are-Agmstructed in accordance -yith
Figure A6 and installed 'n accordance with Section 7.2.9 of
this Standard, the disk arge coefficient may be assumedoto
be as follows:

.

q'

p

A
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'Retriltdds

Number, .

NR'
e .

.

Coefficient
of Discharge,

C
\:

a

20,000 0.9§
5'0,000 0.97
160,000 0.98
150,000 .0.98
200,000-; 0.99
250,000' 0.99
300,060 0.99
400,000 0.99
500,000 0.99

If the throa,f diametei- of the nozzle is 0.13 m r(5 in.) or
larger, the di'schargd coefficient may be assumed to be 0.99.
For nozzles tmaller than 0.05 m (2 in.) and where a mor&pre-
cise discharge coefficient than given above is desired, the
nozzle should be calib Ced. The area ,of the nozzle Shall
bedetermined by me urir'ig,its diameter to an accuracy of
+ 0.20% in_four aces approximately 45 degrees apart around
the nOzzle ch of two planes'through the nozzle throat,
one at the utlet and the other in the straight section near
the radius [11] ;

Where the nozzle apparatus is used: an exhaust fan capable
o2 providing the detired flow rates through the solar col-
lector shall be installed in the endwall'of the discharge
chamber rather than.separate from the air flow measuring

fr:

apparatus as shown in Figure A2,_ The dry and wet bulb tem-
perature of the air entering the npzzle shall be measured
in accordance with reference W.-. The velocity .of thp air
pass'', through the nozzle shall be. determined by either,
,measuri g the velocity head by means of ,a cbmmercially
availabl pitot tubeor by measuring the static pressure
drop acro s the nozzle with a manometer. If the latter
method is u A, one end of the manometer shall be connected
to a static essure tap located flush with the inner wall
bf the discha e chamber, or preferably, seVeral-taps in
.each chamber should be manifolded to a single manometer.
A means shall also be provided for measuring the absolute
'pressure-,of the air 1n,the nozzle throat.

Where'the flow rate is sufficiently small so that a.
nozzle constructed and installed in accordance with the re-
quirements above quid have a throat diameter of smaller
than 0.025 ..).,. the above configurqtionshould not be
used and the air. low measuring apparatus as shown in ng-.

1120
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dre A2 should consist of a calibrated flow eremerIt* where
at least 10 pipe diameter5 of upstream and downstream\pipe.
sectiOnhave been inalu.ded in the calibration**.

.

7.2.9 Airteakage. Air, leakage through the air flow measuring
apparatus, air inlet test duct; tht_solar collector and the
air outlet test duct shall not exceed + 4..0% of the meiagureed,

air flow.

44
'472.10 Aix Reconditioning Apparatus. The reconditioning apparatus

shall contra.) the cfly .bulb temperature of the transfer medi-

um entering th¢ so,l-Ar' collectbr to within ± 1.00C (+ 1.80F)

of the desired test values at all times during the tests.
Its heating and cooing capacity shall be selected sn.that

. :dryulb 'temperature of the air entering the reconditionibg
apparatus may be raised or lowbred the r.:luired amount. to
meet the applidbble"test.condi,tions in Seaton 8.

8.1 GENERAL

SECTION TEST PROCEDURE AND CALCULATIONS

e

The performance of the solar collector is.,deterMined 'by obtaining
values, of instantabeous e rency for a large combination of val-
ues of incident insolatio ambient temperature, and inlet fluid
temperattlye: :This requires exftiimeneallymeasUring therate of
incident solaeradiation.onto the solar collector as well as the
rate,of energy, addition to the transfer fiuid 'as it passes through

the collector, all under quasi- steady conditions.

8'.2 INSTANTANEOUS EFFICIENCY
ti

Itvonas been shown and discussed by a number of investigators [17,
8, 19 and, 20j that Lbz. performance of flat plate solar ,collector
operatingunder steady. conditions can be successfully described
by the foljowing relationship'

*
.Usually an orifice; venturi, or flow nozzle.**
For small flow elements, the discharge coefficients associated with

'
elements varies consiislerably from those associated with the larger

t .

eldments, In add4.tio , for small pipe orduct sizes, the 'ratio of

"`pips cirCumferene to pipe area becomes large and--the characteristics

of the upstr m aid doynstr m'pipe sections affect the behavior of

etement it el
41.
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A very similar equation an be used to desctib the performance
of concentrating collectors [21, 22 and 23].. luation (1) tze-

Comes modified as follow. [21.]:

0

, A

Au
='I ?(Ta)

e
P ti -A

Ls
L A r. aa

To assist in-obtaining
of collectors and to pr
averag.,, surface tempera

"a patamter F' where

(2)

etailed ir/formatLalabout the performance
vent the necessity of determining some
ure,' it, hhg been convenient lto introduce

F'
actual usefu *sener col

--.

useful eher Itoilected if the
* , entire ooll o

ge

tidr surface were
e : ,,

atthe avQr .fluid tempera-
t.4

ure
o

Introducing-this factor into equatioh.(1) results in

. .

.

...

leCted 0

,
, q . , vl

(t t tu
= F' II (Tale,;, UL f.,i L,e- f )1

0 2 a

C.

If the solar. collector efficiency can be defined -as

actual useful energy collected
solar energy incident upon -Or.-
intercepted by the colictor

or .in' equation form

quIA
11.=

-

thn the efficie4cy of the flat-plate collector is given by:

4.

44).
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Equation'(5) indicates that-f the. efficiency is plotte against
an appropriate4,.a;straightline wilLresult where th Slope-is
some ,function of U.E.and..the y'Intercept is Some function of (TO'.

- In reality UL is not a constant but rather a.;'function of the tem-,:.
peratuee of the collector "and of the- ambient weather .conditions..
in addition, he- product ct)e varies with in cident angle to the
collector.

.

The procedlire outlined in this document have been developed in
an attempt to control t§e-test conditions so that awell defined

4 efficiency "curve!' canrbe obtained with a minim= or scatter.'
Figure A7 shows.tyWal test results taken from refeience [24]
for two flat7plate collectors usingir as the transfer fluid:
Tbe.Colleetor tests we&;conautted outside and theacatter 'about,
"thb two lines Ln each .cisure.indicates " ... apart from experi-
inenial errors, the order of variation on account of the variations'
in heat, loss coefficient and the parameter F" due to varia-
tidns in ambienrwind speed and sky temperatures". Figure A10 was
taken from reference [25] and'is for a flat-plate collectorusin'gv-.

water as the transfer fluid. 'itlere.is leSs scatter due to the
4;',Rct that the tests were L.Adu,cted indoors using a "solar

t.c."r".. 4

The curves shown in Figures,A7 and A10 are duplicates of those re-
ported.in,seferences 124] and [25], fespectime4y. The ab'cissa in

he first case is in metric units an in the second, english units.

The curves to be presented in the tes, report described herein
. be done so the abscissa is either in the SI4units of(DC.m2)/W

(as in Figures A8 and411) or as shown,in°Figures:A9 and Al2. Here

the experimentally d(termined temperaturedifffrence has been did:
vided by the difference in temperaturetbetween the boiling point
and fieezing point on the respective scale (100°C, 180 and the
insolation has been divide by the solar constant, IS'

C
( 353 W/m2),

in appropriate unit 6]. The reult is an abscissa whose units
a& dimensionless.

It is expected that'a,"straight7,1ine".representation will' suffice
for most conventional fiat plate collectors but that an attempt :
to represent the performance of a concentrating collector on*such I

a plot will require-the use of a "higher-order fa" due to the
largerWariationin UL and the.producy(ra)e.

155
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8.3 TESTING PROCEDURE
s . a 44

.

The 'testing of the-solar collector shall be conducted isbeh p :

way that an "eff.iciency,curve'Ls determined for the collector un-'
der test conditions described in Section 5.:and 8.3.

used
least four

. different values o- f- -inlet uinlet fluid temperature shall be sed to obtaip... .

the values of':\C/I.: Ideallynhe inlet fluid.temperatui-g should ..1-

correspJnd to 10, 30, 50, and 70°(18, 54i 90, aid 126°F) above
.

the ambienttemperature.;owever tie, values that can xealiStically
be used will. depend upon the particular collector design and the
environmental conditibns at the-TErcation and time of year when the 0

coflector is being tested.m.Consequently, the for different inlet
fluid temperatures selected should be as close to the above values

,*

as is feasible, At lease' four "data points" shall-be taken for
each value of tf,i; 4..wo during the time periOd preceding solCr noon
and two in the period fellowring solar noon', the specific periods

,

Wein'g chosen.so that the data-pointsrepresent timeS1.=;ymmetrical
to solar noon. this latter.requirement is made.so that any ''traps-
jolt 'effect" that may lie present wlp 'not bias Chetest resultS

(.4
.4 6,

a
r_when they ar used _for' design purpOsa. #11 test data 'shall bq

reported in addition to the fitted curve (see Section 9,) so that
any difference in efficiency.due-sdjely,,Co the dperating tempera-'
ture level o the,collector.can be 44erned in the test TippOrt.

... The curve shall be established by "41ata points" that,r-e-present 15
_minute integrated efficiency values. In drher words, the inte- . . ,

grated 'val4 of incident solar energy Will be dfvided into the in-
tegrated value of energy obtained 'from the colleCtor to. obtain the
-effidiengy value for that "ins.nane. :Ca-re should be taken:to in-

.-'

)sure_that'the incident solar energy is stady ..for each 15 minute
segment during which ari efri4ensy value, is ca'lculated., Either
electrorlic integrators or.continuogs pen strip chart recorders may
be used to determine theintegrated vaitues of incident`' solar radi-
ation-and .temperature rise across the collCctqi-,,, Hotrever, a.strip .

..e-. chart recorder with ajecorliMended.cbarx speed of 30.cm/hr m1st al-

-. wayl be used to monktor the'output`of the pyrabometer to insure
. .

.

- "that.the incnent radiation has:temairied%steady during' the 15 min-
,

ute segment. Figures A13 and A14 show a strip chart-recording of
,

incidept solar radiation on a horizontal surface at the NatiOnal
i Bureau A Standards site in Gaithersburg, ryland .Whereas the

.

A 4. conditionl of Figure Al3 woo d De perfectly cceptable. fox obtain
ing efficiency valuet.,,ho's.e Figure A14 Wouldthot be*. . --'

. . ---. %

One or two 'iblips" oi 10 s ot les occurrfng urrng dre 13 minute-peri-
od su4h as at 12:18 in FiguFe-All is acceptabio. '

--°.

156
1.98.



.

c'
. The surface of the- collector cover plate (if present) as well as

, exposed envelopesof the pyranometer should be wiped clean and dry

' prior 0 the tests. If lOcalAll41tion or sand has formed p, de-
.. _posit on the transparent surfaces, the wipipg should be carried

out'very gently, preferably after blowing off most of'the loose-
material or after wetting it a little, in order to prevent.screatc11-

ing,df the .surface. This is partic&larry fmpdrtant'for the pyra-

no meter since, such abrasiveaction 4an appreciably ;alter; the orig-

irl Eransmission,properties of the/enclosing envelope.
.

The pyranwe'ter'shall be checked prior to testing to see. if there
-is. an, accumulation,of water vapor enclqsed within the glass cover.

e use of "mat! pyranometers (where moisture is visible) shall riot

be allowed.,
* .

In Order to obtain sufficieiAlgood "quasi-steady"_conditions for
the solar collection proce4s, the collector' should stand in the sun

under ne..flow conditions until the contained fluid heats up to a

temperature equivalent to or slightly greZter,than the inlet fluid

temperature-for the test. The transfer Vuid-sHould then be, cir-
culated through th.; colfector at the appropriate temperature level
for at least-30 minutes* prior to the period in which'ktaiwill be

taken to calculate the efficiency values. During this period, a
check should be made to insure that the flow, rate of the transfer
fluid does not vary"by mere than .+ 1% aq' that the incident solar.
'radiation is steady as described above.

The flow rate of transfer fluid through the collector shall be
stavlardind at oae value fot all data points. The recommended

value of flow r.ti per unit area (transpare6t frontal or aperture)
fQrtesis are 0.02 4C.g/(s.m2) (14.7 Ibm/(h- ft2)) when a liquid is

transfer 'fluid and 0.01 m3g (s.m2) . 96 -4Eper ft2) of standard

. are when rile transfer .fluid is air. Tt is recogniZed that in some
cases the collector will iave been designed for A flow rare much
different than .specified-above. In such cases, the dNign flow

.
rare should-be hsed.

e I
ti

lit order to determine and report the frac,tion.of the incident so-
lar radiation that is diffuse for each efficiency value, the sons - <

'fug element of the pyranometer shall.be ghaded from the direct .

beam of sun just prier and just TollOwing each rs minute testing ' . %---
.

I
,

... .
,

A .
. .

30 minutes is fe-lt to be sufficient Eor typical.tube'an'd sheet type'
solar collectors using water.as the t ;ansfer fluid. For those collec7

.

. % .,,

tors having higher thermal, capacity, a longer:time period may.be nec-

-e-ssary''.
.

. .

,
,

S
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period and the 'value of the intident.radiation determined*. .This
. . ./

shall be accomplished by
l

lasing a small -disk attached to a slender
lislerod he4d on a direct lie heweeh the pyranometer and the suns

The dilsk should be just large enough to shade the sensing element,

r
alone. In reference 151, this is accomplished-by a disk 1001mm k)

_ in diameter and held at a distance of 1 m from the sens .ing ele-
ment * -ment**. , . f . ..., I

4.% 1
)

..

8.4 CALCULATION OF INSTANTANEOP5 EFFICIENCY
N

. 1

For each 15 mihtie0Gegment for which an effiqpncy value is to be
determined, the value is calculated using/the equation:

r
T2

M cp t dT1/Aa

1

T
2

r er 4
'r

(6)

. . : I
.

The M and cp have been taken out of the integration in
the numerator since they remain essentiallyconstdnu during the
test. Note that the collector area used for the calculation is
not the aliorbing surface area .but rather the transparent frontal
area or aperture area. .

0

At least sixteen data poilits..shall be obtaine& for the establ,igh-
tiament of the "chency cbrven and an equation forlUe curve shall

be obtained using...the., standard technique of a least-squares (4 t6
a secend4order-polynomial***.

f 8.5 'AN EXPERIMENTAL.CUECK`

-

. As an ind(gpendent check on the experimental _results, -the inlet,tem-
Peraeure, tf,i, and the outlet temperatureo.tf,e, of the collector.
shall be recorded on continuous pen strip chart recorders. The

-

4

. .

*,

* *

a

A noKm(aj,, incidence pyrheliameter can be used in lien of shading the*
sensing, element-or the pyranometer.

, - his was when Ming a Mol-Goszynski Pyrahometei made by Kipp'and
.1 .

Z9nen.

*,?*
One shduld consult any standard text discussing analysis of experi-
mental data for a presentation of.this technique (i.e., {27J and [281).

:158
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8.6(' CALCULATIONOF AIR FLOW RATE

T
2
r

quantity j
(t f,e `tf i

) dT shall be approximated using these re-

. I .

,c;

cbrdingg and compared with the identical quhntity obtained'by.'us-
ing,the Primary method which measures the temperature difference

f

The air flow rate through the nozzle is. calCulated by the follow=
ing equations:

The

Q = 1.41 *C tA: (P )13.5
mi n. v n

v
n

=,10.1 x 104 v
n
/P

n
(1'.4 W

n
).

it flow rate of standard air is then:

Qmr/(1.2 v )

r

fl

° (9)

8.7 , CALCULA ON 'OF NOZZLE REYNOLDS NUMBER , , .
. 4

da . *
C 0a.

.., The Reynolds number is calculated as follows:

I

°

N
Re

= f.V
a

D

- .

,
. 0

Tfie temperature factor is as' follows:

TemperatUre,°C.

' -6.7

+4.4'

+15.6

+26.7

+66.9
e

t60.0
.4+71.1,

'159 ,

-201

A

(10)

Factor: f

"1,'

78275
72 075

67425
62775
58125
55025

'151925
k8825

:

416

;
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8.'8 CALCULATION OF, THEORETICAL POWER REQUIREMENTS P
I

V
In order to calculate the Theoretical powei required to move the -

transfer fluid..through the solar,collectoT, the' following equation

shal'1 be used:

-

Pth . m 'AP P (11)
..4

r

r.

2
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.SCTION 9. DATA TO BE RECORDED AND TEST REPORT

;'e TEST DATA

Table A13 list's the measurements -which are to be made at the be- .

ginning of the testing day and during the individual tests to ob-
tain,an efficiency "data wirit"T

9 \_....:.2 TEST REPORT .

TAbIe A14 specifies the 4ata.and information that shall be reported
in testing the s&lar collector.

A

SECTION 10. .NOMENCLATURE

cross-Sectional area, m2
7

. A
a

transparent frontal area foi a flat-plate,collector or aperture
for 'a copcentraeing collector, m2

,

An area o'fv.mozzle,m
2

absorbing or receiving area of the concentrating'soiar collec-
-

t o r ,

absorbing

C nozzle coefficient'of discharge

c . specific heat of the transfer fluid, Jitc0C)
P

-D

f

nozzle throat diameter, m

temperature factor for the calculation of nozzle N

. Ft. solar collector efficiency factor

.1is
h outside surface- heat transfer coetticient (inclUdes radiation

, o
and 'convection) for the solar collector,14/m1 % C)

. -

a

z ' ;I. total solar energy incident upon the plane of the solar collec- .

tpr per unit time per unit area, W/m2 :,

. . t
. - ....., ,..

-diffuse solar energy incident upon the plane of the sola.collec- ,

for per unit time per unit area W/m2
,

,

..

I
so

- golar constant, 1553 Win
12

" ' ".
." eft. P., ,..114Z..., - ,A`6.1' ,



1

NRe

nth

P
v

Qmi

qu,

mass'flow rate of the transfer kg

Reynolds number

absolutepressure at the nozzle throat, N/ 2

theoretical power required to move the tra sfer fluid
through the solar collector, .W

velocity pressure at the nozzle throat or't e static pressure
difference across the nozzle, N/m2

pressure Hop across the solar collector,

measured air flow rate; m3/s

standard air flow rate, m3/s. ID

rate of. useful energyossextraction from the..sol r collector, W

. to
a

'ambient air temperature,°C

t

t
bp

temperaturb-of the boiling.point on a temperat re scale,°C or°F

t
f,e

temper-at-tire of the fluid leaving the collector, C-

't
f,i

temperature of t14 fluid entering the collector,°C

t
fp

temperature of freezing point on a temperature slle ;°C or°F
0-

t average temperatuKe of the absorber sur.f ace of .the solar collec-
P ,tor,°t

.1, ( . .

t
r

average temperature of the absorber surface of the concentrating

solar collector,°C

temperature difference,0C

L
heat transfer loss coefficient for the solar collector, W/J.PC)

ya velocity of the air at the nozzle throat, m/s

v
n

specific volume Of the air at dry and wet bulb temperature con-
ditions existing at the nozzle but at standard barometric pres-

sure, m3/kg dry air I

V 1'N specific volume of the air at the

a

nozzle, m
3
/kg dry air

n.

. W
n

humidity ratio at the nozzle, kg 1-120/kgdrx air .

, . .

.

a *absorptanee d
,

if the solar collector absorbing surface to. solar

radiation '417) .

k
k, ' .,

Y - the fraction of specularly reflected radiation from the reflector
which is intercepted by the solar collector absorbing surface

, .
. ,

__ . 162."
,

r
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p

sblar.collector efficiency, %

specular reflectancesof the solar collector reflector, or density?kg/m3

time, s, or transmittance of the solar collector cover.pLate

(To.)
e

effective transmission-absorptance:lactor for the solar collector

T
1

time at the beginni of a 15 minute test:peried, s

T
2

time at the end o. a 15 Andte-test period, s
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TABLE Al SOLAR POSITION'AND INSOLATION VALUES FOR 24 DEGREES NORTH LATITUDE

DATE SOLAR TIME SOLAR POSITION ETUH,S0 FT TOTAL INSOLATION ON SURFACES DATE SOLAR TIME SOLAR POSITION BTUOSO, FT, TOTAL INSOLATION ON SURFACES

JAN 21

AM PM ALT AZM

NORMAL HORIZ

SOUTH FACING SURFAC ANGLE WITH NORM

JUL 21

AM PM ALT AZM

NORMAL HORIZ

SOUTH FACING SURFAC ANGLE WITH HORIZ,

7 5
,

4.8 - 55.6

10 24 34 44 90

6 . 6 R.2 1o0,4

14 24 34 44 90

:I 10 17 21 25 28 31 81 23 16 11 10 9 6

8, 4 16.9 58.3 239 83 110 126 137 145 127 7 5 21.4 103.8 195 98 85 73 59 44 1

5 3 27.9 ' 48.8 288 151 188 207 221 228 17; -8- 24 34.8 99.2 239 169 157 143 125 104 16

10' 2 37.2 35,1 308 284 246 268 282 287 207 . 9 3 48.4 i 94.5 261 231 221 207 187 161 , 18

11 1 43.6 1Q.6 317 237 284 306 319 324 275- 10 2 62.1 84.0 272 278 270 256 235 206 21

12 45..0 0,0 . 320 249 29 319 332 335 232 11 1 75.7 79.2 278 307 302 287 265 235 32

. SURFACE DAIL TOTAL'S 2765 1521 1984 2174 23m 2559 116F _ 12 8F,F, 0 0 240 317 312 298 275 245 36

FEB 21 7 5 4.3 74.5 1551 35 44 49 53 5; V SURFACE DAILY TOTALS 2932 2526 2412 225n 2036 1766 746

8 4 22.3 67.2 263 116 135 145 15n 151 102 Alic 22 E 6 5.0 101.3 35 7 5 4 4 4 , 2

9 3 34.4 57.6 298 187 713 225 230 228 141 7 5 18. 45.6 186 '82 76 59 60 50 11

10' 2 45.1 44.2 _ 314 241 273 28E 291 227 1ES R 4 2 84.7 241 158 154 146 134 . 118 16

11 1 53,0 25.0 371 226 719 324 328 323 '' 185 S 3 45.9 82,9 265 223 222 214 200 181 39

17 56.0 0.0 324 282 373 337 141, 315 lo'
4 In

2 59,3 MO I 278 273 275 268 .252 230 54

SURFACE DAIL TOTALS 3036 1902 2276 2398 2445 2424 1475 11 1 71.5 53.2 284 344 309 301 285 261 71

MAR 21 , 5 13.7 . 83.3 104 60 63 E4- £2 54 27 . 12 78.3- 0.0 286 315 320 313 296 272 75

8 4 27.2 76.8 267 141 - 15C 152 149 142 64 SURFACE DAIL TOTALS 2264- -2488' 2402 7316 21E8 1958 470

0 3 40.2 67.9 295 212 226 229 225 214 05 sEr 21 7 5 13.7 83,8 173 57 60 FO 59 56 . 26

10 2 52,3 54.8, 309 255 284 288 223 270 124 2 4 27.2 76.8 248 136 144 146 143 136 62

11 1 1 61.9 33.41 - 315 3C) 322 326 320 305, 144 o 5 0.2 57.9 278 705 218 221 (217 205 " 93

12 66.0 0.0 317 312 334 330 333 317 Ion 10 2 52.3 54,8 292 258 275 778L 73 251 , 115

SURFACE DAILY TOTALS 3078 2270 2422 2456 2412 2298 1022 11 1 51.4 33.4 299 291 311 315 2O '295 131

APR 21 5 ! 6 4.7 100.6 40 7 5 4 4 3 2
1-

12 66.0 0.0 301 302 323 3271." 3 306 136

7 ,... 5 18.3 94.9 203 83 77 70 E2 51 In SURFACE DAILY TOTALS 2878 2194 2342 1166 2322 2212 992

8. i 4 37.n 89.0 255 164 157 149 137 122 16 OCT 21 7. 5 9,1 ' 74.1 138 -32 40 45 48 50 . 42

5 3 45,6 81.9 280 g77 227 220 206 186 41 . 8 4 22.0 66.7' -247 111 129 139 144 . 145 29

10 2 59.0 71.8 242 278 282 275 759 237 Eel 9 3 34,1 57.1 284 ,180 206 217 223 221 138:

11 1 71,1 51.5 298 310- 316 309 293 250 ( 74 . 10 2 44,7 ' 43.8 301 234 255 277 282 279 1420,

12 77..". 0.0 299 321 328 -21 305 280 72 11 'I 52.S 24.7 309 268 3q1, 315 119 ,.314 182

SURFACE DA( T TOTALS 3036 2 , 45j1 2374 2228 2015 488 12 59,5 0 0 311 279 314 328 332 327 1R8

MAY 21 6 _6 8.0 108.4 .4r_ 86 22 15 10 9 9 5 SURFACE DAIL TOTALS 28E8 1928 2198 231k 2364 2346 1442

21.2- 103.2 2D3 98 ' 85 73 *59 44 12 Nov 21 7 5 4.9 4 65.8 67 10 16 20 -24 27 29

8 b 34.6 98.5 248 ' 171, 159 145 127 106 15 8 4 17.0 58.4 232 82 108 123 135 142 124

Q .1 48.3 * 93,5 269 233 224 210 ' 190 165 16 9 3 28.0 48.9 282 150' 186 205 217 224 172

10 , 52,0 87.7 280 281 275 261 239 211 22 10 2 37.3 35.5 303 203 244 _255 278 283 204

-11 1 76.5 76.9 286 311 307 293 270 240 ib 11 1 43.8 19.7 ... 312 236 280 302 .316 320 222

12 86 0 _. 0.0 288 322 317 3n4 281 250 P 12 46 2 0,0 315 247 293 315 328 332 228

SURFACE DRILY reeks 3032 2556 2447 2285 2472 12.00 94F SURFACE'DAIL TOTALS 2745 161n 1062 2146 2268 2324 -1730
JUN 21 6 6 9.3 111.6 97 29 . 20 IA -12 11 7 DEC 21 7 5 _ 3.2 62.6 30 3 7 9 11 12 14

7 5-, 22.3 106.8 4201 .--.103 87 .23 58 41 13 8 4 14:9 55.3 225 71 99 116 129 .139 130

48 4 35.5 102.6 . 242 173 158 142 122 99 16 .9 3 25,5 46.15? 281 137 176 198 214 223 184

9 3 49.0 98.7 263 234 22I 204 182 155 IR 10 2 34.3 33.7 304 189 234 258 275 283 217

41 2 62.6. 95.6 274 280 269 253 229 199 18 11 1 40,4 18.2 314 221 270 295 312 320 236.

11 1 76.; .50,8 279 309 300 283 259 227 1Q 12 42.6 0,0 317 232 282 308 325 332 243

12 as- 4 A n,o 281 319 310 294 269 236 22 SURFACE DAILY TOTALS' 2624 1474 1852 2058 2204 2286 1R08

SURFACE DAILY TOTALS 2994 2574 2422 2230 ,1992 1700-'* 204

NOTE:' 1) BASED ON DATA IN TABLE 1, P. 387 IN
. 'REF. [3]; 0% GROUND REFLECTANCE; 1.0

CLEARNESS(FACTOR.
2) SEE FIG. 4,-P. 394 IN (3J/F0R,TYPICAL

REGIONAL CLEARNESS FACTORS. 4-,

3) GROUND REFLECTION NOT INCLUDED ON NORMAL'
" OR HORIZONTAL 'SURFACES.

1 BTUH/SQ. FT: = 3.152 .W/m?'
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--- TABLE -A2 ... 8ollp POSITION AND- `INSOLATION 'VALUES. FOR 32 DEGREES NORTIMATITUDE
.. . .

, ;

DATE SOUR TINE SOLAR POSITION STWIJSO, FT, TOTAL INSOLATION ON SURFACES ,DATE SOLAR TINE SOLAR

,
POSITION

,
STUfeS0,4FT, VIAL, INSOLATION ON SURFACES

I

SOUTH FACING SURFACE ANGLE WITH HORIZ.
- NI NI ALT . AZM . SOUTH FACING SURFACE ANGLE. WITH HOR12' - r-

7 5 1.4 65.2

22 32 42 52 90
22 32 42 52 - f 90

JAN 21

NORMAL, HORIZ. - pm ALT AZM NORMAL MORIZ.
1 0 0 0 .1 .r, OS.' 1 1'

8 4 12.5 56.5 203 56 93 106. 116 123 115 JuL 21 : 6 b - 10.7 107.7 313 37 22 14' 13- 8
9 3 22.5' 46.0* 269 118 175 193 206

'259

212 181 7 5 23.1 100.6 203 107 87 75 . 60

.12

44 14
10 2 30.6

...36.;
33.1 295 -167

'198--

235 256 274 221 8 C 4, 35.7 93.6' 241 174 15,8 . 143 125 104 16
11 1 17,5 306 273 295 308 312 0 245 9 3 ''48.4 85.5 261:" 211. 220 205 *181 159- 31-

12 I 38.0 0.0 3101 209 285 , 308 321 324 ) 253

""-/
10% Z 60.9 74.3 271 274 269 254. ' 212 204 54

SU FACE DAILY TOTALS 2458, 12E8 '1830 .2008 .2118 2156 ' 1779 11 1 72.4 53.1 , 277 302 300' 285x' :1..262 .: '1,"-b8
FEB 21 7 5

'4

7.1 73.5 121 e22 34 37 1240 42 38 78,6 0.0' - 279 311 310 295

,,,132

'171' 242 . 74'...
8 19.0 64.4 247 951 127 136 . 140 141 108 SURFACE DAILY TOTALS,' '3012 2558 2422 '2250. 2030 1754 458
9 3 29.9 , 53.4 - 2E8 ." 161 , 285 217 :222 220 ,158 -.up 21 6 6 ' 6.5 100.5 59 14 9 ' 7 6 -6 4

10

11

2 39.1.

45.6

48.0

39.4

21.4

0.0

.306

315^

. 317

,212,
.244-

255*
'304

316

278

317

330

-283

.321

334

279

315

' 328

193

214

222
.

7

.8

5

4

19.1

31.9

92.8 '

84.7

190

240,

65

156

.77

152

69

144

60

332

50

116

17

33
1 9 3 44.3 75.0 263 216 220 -212 1.97 '178 05

SURFACE DAILY TOTALS ,2872 1724 21S8 2300 2345 .2322 1644 10 2 56.1 61.3 276 '262- -272 -264 249 226 91MAR 21 7 5 12.7 81.9 185 54 60 60 59 56 32 11 - .1. 66.0 38.4 282 292. 305 29b 281 257

-

1078 4 25.1 73.0 : 2681 129 146 147, 144' ,137 78 12 70.3 0.0 284 302 .,317 30 292 268 113
9 3 36.8 62.1 .290 194 222 224 220

P
.204 119 '50 me DAILY TOTALS 2902 2352 2388 2296 ^ 2144 1934 73610

11
-,2

1 .

47.3

S5,0
/58.0
.,

47.5

26.8

0.0

304

--- 311

313

245

277

287

280

317

329

, 283

321

333"

278.

315

327

265

30Q

312

150

'170

177\

SEP 21. 7

8. -, 4

12.7 '

25.1

'81.9

73.0

163

240

51

124

56

119

56

191

55

138

.- 52 30

111 75
12 -

t".^.

9

10

IL

3

2

1

-36.8

47,3

55,0 ,

62.1

47.5

- 26.8

272

287

294

188

237

258-

213

270

306

215

273

309

211

-288

305

201 114-

255- 145'

289 164

.
Sum TOTALS 3012 2084 2378 2403 2358 2246 1276

APR 21 67. 6 it18. :29.1 66 14 9 . 6 6 5 . 3

32 120,..".-86 3.8 71 62 51 10 .5E:0 0.0 296 -178, 318 321 315 300 1718
9

4 31.5 84.0 255 158 15b- 148

",.217

136 120 35
(' SURFACE DAILY TOTALS 2808 2014 2288 2308 2264 2154 1226

3 43.9 74.2 278.

-290

220

'267

225

*279

-201

':-255

183 68 OET 21 7 , 5 6.8 13 ;1 99 19 29 32 34 3' 3210

'11

2

1

.55.7 60:3 272 234 i95 '8 A -18.7 64.0 229 90 120 128 .133- 134 10465.4

69.6

376
' "0:0,"."

295

297

2971

307

313

375

306

318

.- 290

' 301

-265 ,

276 .

12

118

! . 9 3 29,5 53.0 '273 155, 198 208 213' 212 151,
12

v

. -

'10

11

2
I

38.7

45:1

47,5*

39.1

21;1

-0.0

293

302

304

204

236

247

257

294
11306

269

307

320

273

311-

328

270 ' #88 '

306 2000 ',.4
318 217.-'

,
SURFACE DAI -.TOTALS' 3076 2390 2 4 2356 2206 1994 764

io 5- 21 6 6- 10.4 107,.2 .119

-211

36 21 13 13 12. i 12
Z 5 422.8 100.1

r

107 ,88- 7 60 44 ' 13 SU FACE DAILY TOTALS 2696 1654' 2100 2208 2252 2232 1544

i'' %

8

9

4

3

35.4

48.1

. 92.9

84.7

1

250

269

"

175

'233

159

223

145

,, 204'*

.127

. 188.

105

-163

15'

.", 33

oov.21 7

8

-5

4
1.5

12,7

65.4

56.6'

.

1

0

55 91

a:
'104

1

113

1

.119'

1

11110

11

2

1

"10.6, ^ 73.3 280. 277 275 .. 259 237' 0 8 ,2'. , 1 ' 5 6 f , - -9 3 22.6 46,1 263 118 173 190 - .202 20872.0 51:9 285 305- 305 20 268 'OZ..' .72 10 "-' 2 '30.8 33.2- .289 166 233 252o ,,,, 265,

.1.i

-270 217 .12, L 78.0 0.0 -'286'- 315 315' 301 278 247 77 11 -.1 34,2' 17--.6 301. ./97 ,270 291 '' 303 307
SUIACE DAILY TOTAL:, 3112 '2582 2454 2281.,... 2064 1788 469

-1 38,2 '0.0 304_ 207 282 304 ° 316 320

.4.241

111F249JUN 21 6 _ 6 12.2 110.2 131 45- 26, . 16 15 . 14 `9'
__.-- ,

1 s 240 q 6 1980 20E4 2130 11 2
--7

8

5 24.3 103.4 . 210 '115 91- 76 59- 14

'15

DEC 2 ,

''ii-.

4 10.3 53:8 174 41 77 ' 90 -- 101 1085, i .1874 36.9- 96.8 245 180 159 ,143 122'
. .

9 3 19.8, 43i6 257 -..102 161 180", 195 20-:^..185...
9

10'

...:1" 49.6

62.2

89.4 .264 235 221 204 181 153 ,-- 19 - 10 j 2 27.6 11^:2 288 -150 (221 - 244 259. 267 126

..:11', _

2

1 711.7.

81.5

79.1
'60.9

0.0

274

279

280

:279

306

315

268,

299

309

251 ,

282

227-

.257-

257,

-197

,224

234-

, 41

56'

II' -.12:7

6

16,44

1 I

301

31

480 258,

7

282

95

298 305- ' 5k
118-g

60

.

susE8CEZM11.. TOTAL'S 2348 1136 1704 1888 2016

o.25
2086SURFACE DAILY TOTALS r ' 3084 2634 2436 2234 10490 1690 370

1) 'BASED 'Olt: ,TABLE .1
. ,REF. [Si ;, OVROUNVRE,FLECTANGEI, ).1. 14)1
CLEARNESS,FACTOR.. , :

2-) SEE `FIGA 4 ,,,P . 344 IN [3] FO1t TYPICAL' .

,,REGIONAL; CLE4RNESS .FACTORS". S

3) GROUND REFLECTION=SOT' j.NCLUDED,ON NORMAL
OR HORIZONTAL SUR474Es .



-

i' . , ( '.
.., .

TABLE A3 ....SOLAR POSITION AND'INSOLATION vitiums-F0 40s*DEGREESK AN9RT
DATt S.itAA TIME SOUR P8SIT7ON

AM s-F-1,7-- ALT 0.0M

JAN~21 8' 4 :8.1
9 3 16.8

10 '2 '23.8
11 I 28,4

')1
FEa 21

12 ' 30,0

55.1:
44.0

30.9

16.0
-0,0

URPAC DAV Y TOTALS

IITUH/SQ. FT. TOTAL INSOLATION ON SURFACES

- SOUTH FACING SURFACE

NORMAL MOROZ. 30 4V 50

142 '28 65 74, 81

; 234 83 155- 17.1 182
274 127 218 237 2.49

289 191, 257 .277 290
294 -164 270 291 303

2192 '948 1660 1810 1906 4 1944

M i 10 14 21, .23 24
224 73 114 122. 126 127
274 132 195 205 209 .403
295 178. 256 267 271 267
305 206 293 306 310 3014'

216 306 319 323 317
1414 2060 2267 2202 2176

VOLE WITH MORIZ,

90
84

171

223

255

1

2

193
346

8_
9

32,8
11, 1 38.1

12 40.0

70A;Zik,,,,,A11 T4TALS

.,(AR 21 7 5 11.4 ,sw
"8 4 22.5 69,6
9 3 '32.8' 57:3

10 41.6 41.9
11 1 47,7 22

, 42 . 50.Q

, 171 46 55 55" 54 51

.250 142, 141 138 131
282 173 215 217 -213 202
297 '2,),--C-171 276 211 758
305 247 310 313 307 293

,257, 122 326 320 365
208 23

7 7.
77 70;' 51 50

252 1 153 145 '. 133 117
274 207 221
286 250 .275
292 277 .308
253 '727 320

__,SURFAC OTAS-,
to.4.2.1 6 6 . r 7,4 48,9

7 80;E---'
4 4 30.3 743
9 3 41,3 67,2

- , 10, 2 . 5172, 51.4

11 1 58,7 29,2

. 616

auN 2l

FA A v

1.9 114.7 '1 0 0 0
ad' ' 105.6 .144 49- 25 '15 '.. 14" 13

5. 24.0 96.6 216 _*-214 89 78 60 44
8 4

435,4
0.2 ZO° 175 158 244., 125 104

9 3 . 46.8 76.0 267 227;,..22 204-' 186 ,160
10 2 .' 57.5 0,9 -27Z 267 270- 255 233 4205
11 66.2 ,37:1 283 ,293,-, 301.: At.- 264 234

12 20.1) 020 *284. .301- 312 297 274 24T
SURFACE DAI, Toms 3160 2552 2442 2264 .,x2040 760

5 .4 4.2 117.3 - 22 14 3 -3 2 2
6 -6 .14.8- 108.4- -155 60 30 18. 17-

7 5 2 ,99.3 '446 ..123 92 -77 -59 41
8 4 379 90.7 246 282., 159 1421 121- 97
9 48,8 40,2,, 263 233 219 179 151 -
10 2 59.8 55.8. 272 272 266 244 224 294
it 69,2 41.9_ 7 277 -,29Ew 296-, 276' 2;3 221

22 5 0:0k. -279 315T-,.1 306. .-2890 ; 263 250

stmeitt 6tley`Touts 3180, 268 ! 434 2224: '4974.. 670

BAStb- DATA ri,S7-1N
REF, [31;"07p,OR90PD,REFLECTANCE;. 1,0
ILEARNESS

2) SO :gt.-044:-_,P:. IrvdSy
REGIONAL pp4iNgss 'F'AoTDAs.=-

J) OgooppRpLEOr61 NOT 41,:,1040ED:-.0N,NOOIAL
0i,HORIgOi9TAL statt'Aqt§

4

43

22
107

167
710

236
/ 245 ,

1730

.,35
89

138-
3k175

200

208.

4
12
53.

213 199 179 . 93
267 252 224 126

J301 285 260 147
315 106 771 154

tn. 21

LATITUDE

SOLAR TIME SOLAR0'OSITION

A

. - -

STUN SO. T. TOTALIN ATION ON SURFACES

EXIMMIEMI111122=1
5 , 7 2.3 115.2
6 6 13.1 106%
7 5 24.3 ' 97.2
81 4 35,8 ' 87.8.
9 3. 47.2 .76.7

10 2, 57.9
12 1 66.1 0". 37.9

70.6 . 0.0
SURFACE DAILY TOTALS

NORMAL HOPIS

2

138

208

201
259
289

275-

% 276

3062

SOUTH FACING SURFACE ANGLE iiITH
I 90T^

0 -V-
14

44 14
Id? 1 24
151.
200
228. g' 104
238 ' 111

0 0

50' 26,

214, .89-

174 157

225 218

265 266
290 296
29 717

2534 .
AUS 21 6 7.9'

7 5 19.3
8 r 4 30.7
9 ' 3 4IT8
10 2 , 51.7
II 1 59.,

.3

99.5
90.0,..
79.9
67.9

,52.1
14.7

0.0

81 21

. 151,, 87

237 150

-260 205

'272- 246

278 73

$280 82

.16

2 to I4'
0

13

25

Rq

108
114

724

' SEP 21

1-

10

14

16

47
RI

-92

Sa

S PAC A N. TOT S

5 11.4
8 ,22,5-

3 32.8
10 .2 416
11 1s 47,7

50.0

OCT 21

12
76

150

216
267
300

311

FEEEMIE9
80 2-

^ 9.5
57,3
1.9

22,6

0,0

230 109.
263 167 .

280 211

281 239
290 249

SURFACE DAILY TOTALS "2708

8

9
10

11
111111NEINI
IIIIIMIIMM1211311.1211M

4.5 72.3
15.0 61,9
24.9 . 49.8
32.4 35.6

37,6,* - 18.7

39;5 0;0

5'-
133
206
262'
298'

10
101788

'48 7

2001 68

157 126

280

291 199

294 208

14

105
85'

245
283
295-

0
17

75
142

3

1'
,281

292
2230

9
69

14.1"

207'
-259
'291'

303

I58
".51N

134
208.
265
301 '
313,-

2228
15

495
257

"295^
30C

0
15

124
182

229
258
269.

2006 0

60'

129

193

244
'276

287

1728
7

49
113.

In
221

252

262

. 707

5

12 -

50

.89
120
140

8

32 -
84 .

132

168

04 1894

OF 21 8

9

10

11

8.2
.17.0.
24.0
26,6
30.2

136
- 232

268,

285

288

28
82

126

153

163

6

152
215",

254.
267

1111111111111MEIMEMENIIIEMODIEMI

72

;_gk.-
273

281

.49
131.
203
260
295
30
82

17
117
200

261
295
'312

1787

;44
289

298

124,
193
247
281
292

2074
17 _

318
198
257

454
306

207.
82

183
.24g"
288
301

2
'2416

16
100

1601

. 203

229,
238

1654
81

152-
219..
248-
258

8

9

4

3
2

53.0 9

14,0 ,._41.9 . 217
20.7 t 21.4 261 ,
25.0, 15.2 .. 280

12 26._6: 0.0 285
S FA 'DAI TOTALS 197

..610

14

65
107

134
143

782

'= 3.152 14/m

3

135'
200
239
253
48D

4

152

221

,262

/75

1 0

'164-
235
276
290

1634 740

1

-171
242

283

296
1796

1-$:

163
221

252
263

1645

1f>

0.4

-



TABLE A4 ...'SOLAR

DATE

JAN 21

OLAR

, .

POSITION AND IDiSOLATION VALUES FOR 48 DEGREES NORTH LATITI1D.

40LAR POSITION BTUH/49

AM. PM ABS

8

9 3

10 .2%
11 1

FEB 21 7

_ ,
10,
11

12

1

3.5
11.0
16.9
20.7
82.0

SURFACE DAILY.JOTALS'

5 2.4 72.2
4 11.6 A 60.5,

3 '19.7 47.7
2 2642 w. 33.3

3302.i

17.2'1
0.0 1

NORMAL

5246 37

'42.6 185
2O.4 "SR 239
15.1 261
0.0 267

1710.
12

188
251
2?8.
290.
293

2330
MAR 21.

APR 21

SUR Ac.E DAILY TOTALS

7 5
8 .4
9

10 2,
11 1

12

0'.0
,w

/0.0 78,7
19.5 66.8

53.4
15;4 37.8'".
-40.3 19.8

42.0 0.0
SLR'G DA IL

6 ..8.6
5 18.6
4 28S
3- 37,8
2 ,45.8
1 51.5

53t6,

VITALS

13U
86.7
74,9
6112
44.6
24.0
0.0

153.
236

287
295
298

2780
108

5 205
2'47R'

268
280

'286
, 288

SUR ACE DAILY TOTALS 3076

.
FT. TOTAL INSOLATION ON SURFACES DATE SOLAR TIME t SOLAR POSITION BTUN /SO. FT,0TOTAL INSOLAfTUN ON SURNGCES

SOUTH FACING SURFACE ANGLE ACTH HONS. AM en ALT 'ABM IR , . SOUTH FACING SURFACE ANGLE WITH NORM
MOR12.,3t 48 58 68 95 NORMAL NOR I Z . 18 48 58 68 90

4 17 19 ' 21 21 JUL 21 5 .7 5.7 114,7 '43 -10 5 5 4 4 3
46 120 132 140 -15 139 6 6 15.2 104:1 156 ' 62 28 18 16 15 11

, 83 190 206,, ' 216 220 . 206 7 5 25.1 93.5 211 118, 89 75 59 42 14
257 231 249 '260 '263 243 8 35.1 82.1 240 171' 154 140 121 99 43
115 245 264 275 276 ' 255 9 3 44.8 68.8 256 2111 214 199' 178 153 83
5961:- 1360 1478 -1550 1578 1478 10 2 53.5 51.9 266 250 261 246 224 195 116 '
.1 3 4 4 4 4 .

11 1 60.1 29.0 271 272 291 276 ,253 223 137
G 95 102 105 106 96 12 62;6 0.0 272 279 301 286 263 232 .144

178 187 191. 190 167 SU FACE DArvenow.s 3158 2474 2386 2200 1974
1S9 240 251 255' 251 217 AuG 21 6 6 9.1 98.3 99 . 28 ' 14- -10 9
165 .27.2. 290 294 ' 288 247 7 5 19,1 087.2 190 85 75. 67 58
173 291 304 307 . 301 258 A,' 8 4 29.0 75.4 232 149 '14S 137 115

1.080 1880 19/2 2024" 1978 1720 `9 3 38.4 61.8 254 189' 210 201 187
37 49- 49 47 5 35 JO 2 46.4 45.1 266 .225 260, 252 4237
96 132 132 , 129 122 96 11 1' 52.2 24.3 272 ' 248 295 285 268

205 207 263' 193 152 2. 54.3 0.0 274 256 304 296 279
263 266 261 'd 248 195 SURFACE DAILY TOTALS 00 204
300 303 297 283 223 SEP 21 7 .5..; -10.0 70.7 44 43
312 3151. 309 294 232 8 4 19.5 66.8 124 121

2208 2228 2074 1632 9 3 28.2 53,4 197 .-193.-;
5 10 .2 :35:4 37.8 , 254 248'

11 's 2 9,9.3 19,8 289 214
1 42.0 CE'0_` 302 296

SURFACE DAILY TOTAL 2118 2070

147
.187
.212

220
1578

27
85

142
191

228
252

$ 260
2106-

13
76

149

216
268

.301
-313
2358

9
69

141
208
260
294
305

2266

2182
8

59
129-`
194'
245
278 .
ft9

2111f

Ca

113 _
174
223:
254
264

1902

131 ", 35 44
215 92 124
251 142. 196
269 181 '251.
278 205. 287'
280 213 299

2568' \ 1522 2102

;4.. 1, 0 1

165 i 44 ,-86
233 ,94 167
262 135 228

' 274 157' 265
278 '166 279,-

2154 .I 1774
36

179 46 .117
233. 83 186
255 -107 227
261 . '115 241'

.1661 596 '1336
140 ..27 87
214 63 164

.262 86 207
250 94 , '222

_1444 446 113

-21
69

115 .
152,
177
185'

, 1262
7 5.2 114.3 41 4 4- 4 3
6 14.7 _103.7 162 2 27 1fr' 15 3
5 2416* 93.11 219 -118 7$ 60 45
4v 34;7- 8E6 248 Ott IS§ 142' 123 101
3 44.3 68.3 264 217 217, 202 182 156
2 53.0 51.3 274 252 265 /51 229 '200

.1 59.5 28.6 r 279 274 296 281 258' -228
12 62,0 "0 280 281 306 242 269 238-

so$ ACE 'DA It TOTAI s 3254' 2482 2418 2234 2010 1728
-AE 21 -5' 7.9 116.5 77. ' 21 . 9 .9 4. ; '7

6 .;E 17.2 106.2 172 74 z- 33 -19 18 16
. 5 .27.0 95,8 220 129 93 77 59 i 39

8 4 .371" -84,6 246 181 157 140' 119 95,
9 3. 46.9 . 71,6 261 225 216 198 175 147

10 2 55.8 34;8 269 259 262 44 220 -189
11 62.7 31.2 :274 280 291. 273 248 216

12" - 65.5 0.0 275 '287 311' .281. 258 ns
SURFACE- )5A MY. TOTALS 3312 2626 2420 :2204 1950' 1644

1.5 BASED" ON DATA- IN -TABLE" 1, '387'-

' REF. E31;, '9,ROPND, ftEPLEGTANCE; '1.0
`NOTE :t

F CLEARNESS- FiktgOitY-.
2) SEE 'FIG. '4 P. 394: sti ,F:okrYPIcA14

IIEGIONAL- CLEARNESS- FACTORS
. GROUND -REFLECTION NOrTNCLUDED ON gogmki,
OR HORIZONTAL -SURFACES-.

2

10

45

81
120
141
144

482

OCT 21

8

10
11

5

2

'tiov- 21

! -

. .1

2,0 7119
11.2 , 60.2
19.3 47.4
25:7 35,1
30-.0 ( 17:1'
31,5 0.0

BURIACE'DAILY TOTALS .

-8 .4 316 . 54.7..
11,2 42.q.

10 , 2 ILI 29,5
11 "1 20.9 15.1

,12 22,2 0,0

$
12
15

)05
126
133-'
874

m21

1091: 1:
12.

SURFACE DAILY TOTALS

13,6
27.3
1816

.40,9 , .
28.2

. 14.4
0.0

SURFACE DAILY TOTAak

1694
8

47
109
168

.219
244

'255
136

40
115

'C 183.

. 269
281

1966

956
6

20
65

_110
145

169
177

1208

BTLIII/SQ: FT. 3.152 W/m2

1

91

176

'239
277
291

1860
19

-121
202'-

745
259

1448

98

180.,
226
241

1250

1

95
180
242

'',281
294

1890
21-

137

212.;
255
270'

1518
'105
192

.239
254

1326

1

95
178'
239

'276
288

1866
22

.141
215- -

258
272

1544

. 110
197 -

-"244
4260

1384

;.,31
90

.243

185
212
221

1546

1
87

157

257
237

626

. 22
135
-201

238 -,
250

1442

5%109,

190
.,231

244
1304

A
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TABLE Al LATITUDE 24°N, INCIDENT ANGLE FOR HORIZONTAL

. AND SOUTH-FACING TILTED SURFACES .

Datis:1(Decl.)
Oic. 21 (- 23.45)

, Horiz. L - 10 Lat. tat. 4-10 lat. ..i 20
4..

.Vert.

7

8

9
'10
11

5

4'

3
2
1

86.8
75.1
64.5
55.7
49.6

47.4

80.5
62.5
'55.3
44.5.

36.5

26.3
62.7

-' 49.6

37.4
, --27.6

''''

23.5

72:4

58.6.--

44:9
31.6
19.6

13.5

., -
-,5

..-

- 68V-
55.4
41.8
28.0
14.3

3.4' ,.

62.6
56.6
51.1
46.6
43.6

42.5 '12

Jan: 21 -19.9)
116c21 -18.87

Feb. 21 (-10.6)
(Oct. 21 -10.7)

Mar. 2L (0.0)
21 (0.0)

.'-6pr. 21t+11.9)
Aug. 21 +12.1)

J.:Wort:- L -10' Cat. =Lat. + 10 Lat..t 20 Vert.

7 .

8
9
10
11

5
4

3

2 1
'1

85.2
73.1

62.1
se.s'
.19.4.

44.0

.49.6

-86.2

*42.1
33.4

30.0

75.9
1 62.0

48.4
35.5
24.8.

20.0

="t,

r 72.6
58.5
44:5
30.6
17.6

10.0

194 4W
69:8
56.0

_42.2 it

-28,2
, 14:1

0:0

65.7
59.8
54.A

' 50.0
47.0

46.012

r;-- f Horiz. i L - 10 tat. ,-- Lateq,:le=="/it. + 20 Vert.

7

8
9
10

5 1

4

3
2

.

80.7
67.7

,.....6-6-6

1;11
.

.

3'4.0

77.2
02.8

12..C9

25.0

20.0

-

e
75:2-

60:5
45.9
31.5
18.0

.

10.0

,

73:7

59.0.
44.8
29.5

0.0

__-

. 72.6 '

58:6
44.5 :'

-431

10.0

74.8
69.0.
63.8

1:
56.0

-
12

1, F,orti. f t .'io tat. tat. + 10
.

Lat. + 20 Vert.

7 I 5 '1

8 4
-9 I 3 .

10 1- 2'.' 4

11 1 1

76.3 '

42.e
49.8
37.7
2s.1-

24.0

,

75.2
60.5
45.9
31.5
18.0

. 10.0

75.C1__

60.0
45.0
30.0

-' 15.0

- -

0:0
.

,

'

7;.2,'
60.5
45.51

31.5
18.0
- .

10.0

)1

.

;

75.9

62.0
48.4

.

24.8 i

20.0

84.0 i
' 78:3

73.3
69.4
66.9
,

t6.O.12 .....-- 1

i

I:1
bortz. L 10 Cat. Lat. +AO Lat- + 20 Vert..

6
7

8,-.:...

9
10

1311

6
5

24
3

2
- 1

..

,85.3
11.7,
58.0
44.4
31.0

- ,

. 18.9,,

./'.
,--"-12".C.

1 83.04.-
73.5
58:9

-44.2
29:S"

14.8

. 1.6

90.0
75.3

60.7
46.2
32.0-

18.9-

. 11.6

92.0-,

77:6
63.4-,

49.7 A
18.8:

25.2, __.

21.6
--_

.
.

'

93.9
80.2
67.0
54.4
43.2
34.9

31.6

400.6
94.6
89:1'

84.4
80 :7-

77,6IV

-1Say 21 (+20.3)
4V1 21 (+20,5)

023.40

ti

.4 401 z. ...-, t-10 Lit.

. 75.8
?RA
. 48.4
,..--35.5

244,

.28110

tit: 10 f Lat. 4,20 Yert.

6 42 8,,,...,-/...-4...6-,

72.6 ..1,
----584 .1

44.5 1r
37.6'

., 17;6

10.0
,

53;4
- -79 6 '

,,, 66.2'- ,..--

4 -ir 2-
, 3.0 ..-

' 30:(L

. -94":7!,'"

83.6 ...---

71.1.

...., -49.6

.42,6

40,0*

Tal
102.3

91"9'

88.9
86:7

.

7

8._

9
11
11

5
4

3'

2 ,

1

68.8
65:4
41.T
28.0
14.5

,,
4.012

. 7orli.- =1 tat. Lat'.. +AO -Iatt?t111 Vet.
.

6 Eti:' 80.7 86,0- ;-''' 50.0 84:0 97.8 -111.3,
7 5,,zi; 67.7 72.4 76.3 80:5 85:0,2 114.5
8 4 54.6 S8.6 . 62.7 67.5 '172.8A, 100,2'

-9- 3- 41:0 44.9" -49.6 . 55.8 67,7 95:7-
10: 2 - 27.4 31.6 :., . 37.4 - 44.5 52.4 -, -92:3,
11 1 13.7 1917 J.,, 27.6 36,5 15:9, 90.2

12.. 0.6
.

13:4' ''." - 2314* 93:4: . 45.4 69.4

172



T:414t 4.
'
-LATITUDE 32 . fiCBENT 6GLES FOR HORIZONTAL
.AND CIND.TtLicp-SURFACES

- D;tis, (Decl.)
=0ei.-,21 (43.45

rtz, -1, - 10 tat. t tat. + 10 tat. + 20 Iieri;

79:7 673" 82.7 58.6 55.4 54.5
9 I 78,2 55.3 49..6 44.9 41.8 47;1;

10 I 2 62.4 ,, 44:5 37.4 31.6

I.

28.0 .,',40.7
11 1 57,3 t &km:5 27.6- 19..6 , 11.3z, 4.2

-

.
`12 55;1, 33.4 23.4 - -13.5 3.5 -, iA.S.

Jan. g (11949) e
Nov. 21 ( -59.9)

, Peb.;21-(-10.6 ),
Oct. 21 (- 10:7)"

=

(tar. 21 10.0)
,Sep. 21 0.0)

21 W1.91
Aug. 211412,1r

tOrit. A - 10 tat. lat. + 10 tat, 20-1-17;41.t.,

7 5 83.6' 1 79.6 75:9 . 4 72.6 69,8 65.8 4 77.5- 66.2 62,0 58 :5 56.0
9 3 67.5 53.5 48.4 44.5 ,42.2-

10 2 59.4 42.1 35.5- 30.6' . 28:2' 43:8.II 1 53.9 33,4 24.8 17.6 14. 39.6.. ,
12 52 0 30.0 20.0 10.0 ," 0.0 38.0.,

8w1z . 1. 10 . Lat. int. t. + 10 tit.-4,--20*--"V'ett
.

82.9 77.2 ' 75.2 73.7 72.6 --`-` 73:68 " 4 71,0. 62,9 60:r 59.0 .58.5 65.95 3 60.1 49,0 45.9 44.3 "44.5 58.9
29.510 2 50.9 35,9 31,5 29 30,6 53.211 1 1 44.4 25.0 18.0 14.8 17.4 49.4,

12' 12.0 241.? 10.0 9.ci jo.o

t'IHortz, 1 -: 10 tat. Lat. t 10 Lat. + 20 Yett.

7 5, 1 77.3 75.2 - 15.0 75.2 .35.9 0828. 4 64.9 . 60,5 60:0 .. 605 62.0 74.6 7
9- 3 53.2 45.9 , 35.0 .45.9 48.4- --e8.0,

10 2 47.7 31.5 ',%230.0 31,5 , 35.5 -62.7
11 1 ' 15.0_ 18.0 "1,,%515 0 18:0 24.8 "49,2;-L......

12'- . 32.0 10:0 0.0 10.0 -20.0 sal°

o
Hoila. .x t - 10 tat., ;tat. + 10-111e..+ 20. iert, i

6
',7
. r,
9
10./

'11'

:6i
.4 ..

) 3
2 ,
1 '

83.9

750
'46.1_
34.3- ,
24.6'

_
20:4

88.0

.74
.A4.2

9.5
141

,
',1.6-

'90.0' -

76g3
46.2

,'36,9 .

. .
-11.5

-5q:0' .
74.64

- 4 .7.
36.8

-26,2

:''',-,21.6-, -

'93.9

67.0
80.2:- ',

54.4
'43:2

-34.9: -

L31.8" ..,..69.6...

99.8"
- 92-1

84.9
78.7
.3.8-

70:7 .

12

4

.- itorfr,.. 6,-., 10,-- ; Li!. lit, r+/10" itat".-+ 20 Vit .
,... .

6 6 - i9.6 t'..86,6 954 --93.4-.:, . 91.7. ." 106;9)
--. 7- 5 87,2 72.6 . 75.9 ..," )9.6- 82.6 ''--99:3'

Pay 21 (+mai a 4 , S4.6 58.5 ( 62:0 ''17.-6642-6 :710- 92:
Jul. zr (-20.5 9 3 - 41.9 .', 44;S. , 42:4 !,,,,,.153:5 59,5, :

,...:4
10 2 29.4- t 306, . '15:5 42:3- 10.6:%. 9'
11 1 18.0 17. ''' telt 33.1, 42,:6" : .70.'

- k., , -
' r I2 12,6. =' offlq.cfr : 504 - 34:i.c.1, 40,0' )78.0,..,

.
1.. _ . - .

-44044g. . t .10 lat. _Lie,-....0o.
--t +-,212- -""iiTiti

6
7

-.A8,-
9

110
11

6
5
4
3
2' --
1'

.

71.8
.65.7
53,1 (0.'758.6
40.4 -,
71,,8
15.8'

8.6

.86.0
_J2,4

44.9 .
31,6
19.6

'13.'4.

90;0
164

-82.7
49.6
37.4
2.7:6

2324

94:0
80.5

, ,61.5
55.3
44.

., . .,

33.4- ,

.
-97:8
85.0-

''72,13 4 ,
61,74..
52.4 ,

'45;8,,.... ,,.. , _

43'

, ,
:109.7".,
102;2-85.

",89.6;
85:2-,-
8244,- ,

,

01 4.-12



TABLE A9 LATITUDEti6°N. INCIDENT ANGLES FOR HORIZONTAL

AND SOUTH-FACING TILTED SURFACES. .

Date:- (0e41.)
Dec. 21. (43,45),

Jan. 21 (.49.9/
e-' Nov. 21 (-19.9)

lab: 21 ( -10.
Oct: 21 (-10

- Bartz. L z "10 tat. , Lat. + 10 ,Cat. + 20 Vert.

.8
9

10
'11

4'
3 .
2
1

84.5
76:0
69.3
65.0

63.4

,17.5
65:3
.443
36.5

.33.4

, 62.7 I.
49.6

.37;4
27:6

73.4

58.6
44.9
31.6

. 19.6

13.5,,,,"

55.4
41.8
28.0
14.3

3.5

53.2,
43:8
35.4
29:0;

26.6 (..12

Matz.
.

L - 10
.

- Lat. Lai. + 10 tat, + 20 ,
Vert,

8
9

,10
11

4 ,/
3 /
2

72!

81.9
73.2
66.2
61.6

60.0

66.2
53.5
42.1 --
33.4

30.0

.

62.0
48'.4
35.5

"-.24.8

20.0

58.5
44:5
30.6
17.6

' 00.0

'-
56.0
42a.
28.2
14.1.

0.0

55.7
46.4
38.3
32.3

30.0-
.

17./
Kortzt si L - 10 Lat. Lat. + 10 lat. + 20 Vert,

7
8

, 9
10
11

5
4

3
2
1

85.2
74.6
65.0
57.2
51.9

50.0
/

77.2
62.9
49.0
35,9

.25.0

20.0-

,

75.2
6q.5
45.9
31.5

- 18.0

10.0

73.7
59.0
44.3 .. :

.
-29.514.8

0.0 .

72.6
58.5.
44.5
30.6
17.6

10:0
45;

72.7
63.3
59.5
47.1
41.9

40.012

gar. 21 (0.0/
,- Sep. 21 (0.0)

Horlz. 1 -- 10 .Lae/ Lat. -+ 10 Lit. +.40 Vert.
.......

7
8
9

10

4
,3

1

8.6'
67,5
7.2

48.4
$12.3

40.0

75.2
.60.5

45t9.
31.5-
18.0

10.0

, 75.0
/ 60.0

453.
, 30.0

15.0
+

,.
0.0

,- 75.2
60.5

'45.9.
'313
18.0

10.0

75.9'
62.0
48.4
35.5
24.8
20.0

80.4
71.3-

-63.0
56.2
51.6

5i2.0-
12

'

' May 21 ,(+20.,3)
.1;31: 21',(+20;51.-

,/ /. Nor1z. 1 .-1 * Gi. Lat.". 10 "Lat. + 20 :Vert'.

.6.
7

9
10
11 +'

6

,I.

3
2i f

432.6'

" '0
48.7
38.8

31.3

.28.4

' 88.0

10
44.
29

.8

1.6

90:0
15.3'

lei
-.32.0

18.9

11.6.
,.

92.0,

i4.1'
491,7-,

360- .
2,6P

,,2134

93.9
80:2
67.0'
54.4

-13.2.

313,

-.98.9.,
893 ,

, 80,7
'73.1
,67.0

61.612

Norf. L - 10 Lit. '''. qat.:' 4,10.-- Lit..!+=20- Vert, 1

5
6-

..7,
8
9

11: ''

6
5
4

1

.- 85.1-' /
77.3 ./
66.0/
54.6-
43.2

p
23.8',-,'',
26,0--

100,44o
86.6
72.6

, 583
A4.5

; 17.6.

10.0

. ,4184:1
90.0'

.75.
-6 .0

.1.

243 :.

,0.0,,

107.4 -

'93.4, ;
'79.6, ,
..:66:2"533-
33:4`.

30.0

'.. 110.2
L.. 96.7 .

83.6 "
71.yi :.

r--59;
74249.6' '

-40.0 -- / ,.

414.11 '.
'105.2

1-
. ata,
-80,5-

q1743.2,

--70-0

. -
023.451'

±._

IF Norte:.-Nortr. - 10 i Lai; ,iit. 4 J.i.(i: -Ifert.1

5 '
.6

7
8

-9-:,-
10
11

7 .
,.: 6

5
4 ,

3
2---

.1

----8S.8
75.2
-64

6
1.2.i,,

30:2--zt
20.8'''.',/

16.6

--.99.5
86:0 ..
72 ----

:583
44:9'

31:6
19.6

13.4

:103.7
90.0.:

tl.76`.3
-,f62,17 vi..9../
,,,..sy

---12:e7--,

23.4 ,

Y7.6'..
94 -

8 :5-f7
673 -
55.3
44:5

',,,Ists,
'i 12:4

2411:1' -,

97.8, ..:
'85.0
"72.13`
'11.7'

52.4-03-
4'3.4

'',111.4,
107;7,
98.8
90.6.-
"83:6
78:1
74.6

,-.:...
73.Pr--'-'-'

12+
.....-,-
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TABLE A10 LATITUDE 48°N. INCIDENT ANGLES' FOR HORIZONTAL

AND SOUTH-FACING TILTED SURFACES

Dee. 21 (.23.45.

...
S.

Jan. 2) (-19 97.
60*. 2) (19.9)

Feb 21. (-10 62
Oct. 2) (10 7)

Bar 21 (0.0)
5ep- 21 (0.0)

Apr, 21 (41.91
Aug. 21 (412.11

r Fem. 1. - 10 tat. tat. t 10 tat. . 70 'tart.. I

..11 1 .` 72.7

-----
10 2 76.4 44.5

36.5
32.4 , 31.6-
27.6 11.6.-

' 28.0, , 31.1
14.3 ', MI

41.69 3 82.0 55.3 49.6 44.9 41.8

12 71.4 33.4 23.4 13.5 3.5 18.5
,

Not , 4 , 1., 10 tat , tat. 10 Laj-. 20 Vert.

8. al. 86..; 56.2. 62.0 58.5 56.0 54.7
9 4.r" 11 0 5325 43.4 44.5 , 42.2' 43.7

10 7 ?.I 42,1 . 35.5 30.6 28.2 33.5
11 t 49 1 32.4 24.8 17.6 14.1 . 25.4

1 ' I 68 0 .'. 30.0 20 0 '10.0 0.0 22.0

t . 10 tat. Lat. 10 Ut. 20 Art. I

1 I'S 87 6 I '77 2 75.2 73 7 72.6 72.2
8 '4 18 4 62 9 60.5 59 0 58.5 61.2
9 1 3 70 3 I 49,0 45,9 . 44 3 44,5 50.7

10 1 2 61 1 1 15.9 .1. s.31.5' 29.5 30.6 41.4
_II 1 1' , '9 5" ri,:o-TII, 18.0 . 14.8 - 17.6 34.6

."1---- t .-.^,' :40*. .
12 I 58 0 70.0 10.0 0.0 10,0 32.0

1
.

I
-'''. . , ,.2.

'10 -, tat. '"-.. tat. 10 tit, 20 Vert.

7 S 710 0 75.7 15 0 - 77.2 25.9 . /8.1
.8 4 P 4' 60 5 60;0 '60.5 62.04,, 68.2
9 3 ,4 .61 8 - 45.9 45.0 45.9 48.4' 58.3

ID

i ,71 1;!;
5, 30.0 3(5 35.5 -49.9

18.0 15.0 18.0 " 24.8 ' '44.4
.31,

-J----.1
12 1 48.0 10.0 0,0 10.0 "0.0 42,0

I

.

$ ay 2) (.20,3)
Jul. 21,fz0.$),

' %fit. l t - 10 ' Lit. 'tat-.4 10' .1. . 20 Yen.

'6
7

8
9

10
11

6
S
4
3 -
7 ,
1

81 4
71,4
61 St
)2.2

.4..44 Z.
'38.5'

36i.4

88.0
73.5
58.9
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.Table, A13- Test Data to be. Recorded.

Dem
;...,, e

. Date _ i' X k.
. .

- Obser-v,er(s) - , "' f X - X
. e .

Equipment -name plate data - X X,
,c,

collector tilt* angle

Gollecior _azimuth "angle ,(as a function of time 'if
3ddva,h1e)

4
o

'CciliectoK, aperture area or frontal transparent
areA

41;

p

X

1°0'1 standard time, at the beginning of collecti5r-
warm-up and at the beginning and endof. each 15
'minute test period

metric, pressure-

AMbietlt ,air temperature (at the beginning, and ent
`,eae,h,1,5;:mi-ntite test per iOd)

-t,f -tom across solar collector (either as
-.4'1:04Tittuousefunctitzn' of titrre,,or. as A' 15 .minute
'ntetia'4c1.-qantity)

'ser,riperature,, tfrj (as a continuoos_function ,

:temperature, t



w

Table A13 - continued

1

4
"44

.Itep

I
W

.,4

W .4
COW
0 4.4
4.4 w
>1 00

0
..= Pc,

. ---4., .-4...) 4-1
. CA

0 cr),-1
E-4 0 ;,=4

",4

cn -0
0

0
W

c1,0

Ei

0 0
..=

0
t.,4 4.,

4.)
7) c0.1
0 ,-4 0

F.-1 ,-1 4T1

474,

4
4

t
.

Liquid flow rate

Gauge pressure at solar collector inlet

Gauge pressure a% nozzle throat

S

Nozzle thtbat diameter ) .

Velocity pressure at nozzle throat or static...pres-
sur'e difference across nozzle

a
dry bulb temperature a.L nozzle throat

X

We bulb temperature at nozzle throat
-, '

f

, P4ssurp drop across solar collector -
.

x. x

Height of the coriector!outlet above the cc lecfor -1

.inlet X X

ih'e-C6-11-4abt'sdtface"oFay.:-.''
''-arture-(15 minute average)

1, the incidene"solar radiatioh ontothe collec-
tpr,(as a continuous fundtidn of time and as a
15 .minute integrated quantity if desired)

Id, the'lllffese component of the solar 'radiation
thecollector (at the beginning of the 15

minute period' and after -the completion of the
.15 minute period): .

119

22:7

X

X X

4
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A14 Data to be Reported

General Info-mation

. -

Manufacturer or-Prctject Na
Collector Model No.
Construction details of the collector

.0"

4-

gross dimensions and area . .

area Of absorbing surface.4,:-
k,,,,,,

cover.plate*, dimensions,materials, optical properties (if known) . .

reflectos*, dimensions and shape,-materials, tiCalproperties (if
known) r

, absAber plate, dimensional layollit and configuration-of flow path, -

absorptivity to short wave'radiation (it'known), emissivity for
long wave radiation (if known), description of coating (including
maximum allowable temperature if *mown)

.

air space(s) *, thickness and description of-contained gas or con-
.struction a

insulation*, material, thickness, thermal Properties'

edfTransfer fluid,usedlend-its properties
s

Weight of collector perm of grosi cross-sectional area

Volumetric capacity of the collector per m
2

area if designed to operate with a liquid

Normal operating temperature range

Minimum transfeadiuid flow rate .

411,,

of gross crosd7sectional
as the tronsferlfluid . .

0

Maximumtransfer'fluid flowrate

.

T',Mtix-iMUlf-Cperating-45resSure OOOOOO O OOOO O , :
. .

Description of apparatus, including flow configuration and instrumen-
tation used in testing (include photographs) . - ...... .

:,...

Description of the mounting of the collector
,
for testing . 4

LOCation of tests (longitude, latitude, and elevation above- seelavel)

Efficiency Test's

7 -

Allot of the efficiency versus

applicOble

-



-

An equation for the efficiency curve
,

For each "data:point'',

k)

rn

P

12

(t;e ti) di

t
a

T2

rt' I dT

T1

4:
.

*

pressure drop across the solar collector:

collec'tor tilt angle

collector azimuth -..angle '(a.sa function of time-if movable) .r., , .

incident awle :
.

inlet fluiditemperature,'tf,i 3
ft

percentage of incident radiat,ion thatis diffuse

wind speed near the collector ,urface..or aperture . ,,

. f

e: '

C
s

ry

41,

r

-
ti

-

(

ti$C,OMMN10.5;0C 181

229.
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Figure A7 Efficiency ,Curves for TWo Flat - Plate. Collectors Using

Air as the Transfer fluid (reference [ 4])



1,23 m by 0.76 m Air Heater's

single glass cover plate A

.15 m glass wool edge insulation
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Figure.A8 Efficiency'Curves_for Two FlIt-Plate Collectors Using
Air.a8 the Transfer:Fluid (reference 124))

.242



0
st: 100
`w

Z 80 y intercept = FL t a
4 Slope =. U

LI 60
4-1

0
20

_J

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0. 1.1 t.2 1.3 1.

.

1140 m by 0.76 m Air' heaters
single glass cover plate
,15 m glass wool edge insulation

1,4205-m glass wool back insulation.
o corrugated galvanized iriosnpsorber

-gnrWe, carbon black
.0 :orrdgated aluminum absorber surface,,

commercial chimhey paint

O

1

e

t fvf f,e
2

to

Tbp -. p.
O

/
SC[`

, . 7
Figure A9 Efficiency Curves War Two Flat-Plate Collectors Using

Air as the rtansfeitt4W(reference [241)
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Method of Testing for Rating Thermal Storage Devices
Based on Thermal Performance

.

SECTION 1. PURPOSE

The purpose of this standard is to provide a standard procedure for 4
determining the thermal: performance jg the1mai energy storage devices
that are used in systems to provide the thermal requirements for

. heating, cooling, and the generation of domestdc hot water in
buildings;

SECTION 2. SCOPE

2.1 This standard applies to sensible=heat and rtent7hQat type thermal
'energy storage systems. In addition, it is imiteq to those storage
devices in which a fluid enters the device tirouglia singleidnlet
and leaves the device through a singlie out14 Storage devices
having More than one inlet and/or outlet may be',tested according to
this standard, but each flow configuration invblyIng a single inlet
and a-single outlet must be tested separately This standard is -

not apicable to those configurations in whit there is simultaffe6us
flow into the storage device through more than ne simul-
taileods flow's-out of the storage.device through_ e-than one outlet.

The fluid can be either -a gas or liquid but-nOt mixture of the two.
,7**

2.2 This standard does ndt addresS-factors Telating'to.cost or consid-
eration of requiremen-ES- for int*facing with a Specific heating and
.cooling system-. Consequently, the :6est,resultsdolikot pr8vide all
the-informon Tequired for a complete; evaluation''' the thermal

'.energy storage systelii.

2.3 the test procedure and equipment outlined in, ti4s standard are most
t5 t*ermc.4.enestora4e systm haviqg capacities

on the order' of J (100'IMY or, HESS.

3.1 . AIh

't3ECTION 3: DEFINITIONSri,....

Ambient air is the-air in the space surrounding the thermal energy,

-storage System.

3.2 CYCLIC!'

_Cycling of a latent-hey type storage devise is a process in_which
' 1.1e temperature oft,he system is raised and lowered in a cyclic.
manner and 'the phase of,thestorage medium, i$ ,changed twice in each

temperature cycle.
196
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EFFECTIVE CAPACITY FOR HEAT REMOVAL

The effective capacity for heat removal is-tele,amount of heat...

that can be removed from the storage system during x-period of
time equal to the fill-timeand for a specific set of va ues for

the initial temperature of the storage system; At, th
temperature difference between ti and the temperature of he

-entering quid; and in, the mass flow rate-of the fluid th oug
the storage;fsystem.

3.4 EFFECTIVE CAPACITY FOR HEAT STORAGE

-
the effective capagty for heat storage is the amount of heat
that can be stored ids the storage system during a period.of

time equal, to th fill,time and for a specific set of parameters
ti, At and M.

3.5 FILL TIME

3.6

--The fill time is the duration of a Single transient test as
specified in Section 8 in which energy is 0.ther, added or extracted
from the storage system.

I

RATE OF HEAT LOSS'

10P
The heat loss rate is t. ate that heat is lost from the
storage system per degree.temperature differdnce between the stor-
age medium temperature and the average ambient air temperature.

STORAGE CAPACITY
0

1 .

: The storage capacity of a thermal .energy Sto4age system-is ,

,4eLined as the hejS that can, be stored inea system uhdergoa
,.:

At increase in temperature from its initial value ti.,.
_

,
.

. , -

3.8 pERFORMANCECOEFFICIENT"FORHEAT.REMOVAL

a:

. , .
.

, Theoerformance 'coefficient for heat .removal, is the ratio of the
, ,

4
-eifective capacity for heat remeval;Q, the amount of heat that i
could be removed an Lqual volqme'of water in4t.w. *ideal tl.. .,

I
water tank under the same conditions.

A
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2.52



ERFORMANCE COEFFICIENT FOR HE STORAGE

he perfarmanceCeefficient for heat storage'is t#e ratio of the
ffective capacity fdr.heat storage to the amount of heat that

(could'. be stored an eqUal volume of water in .an ideal
_water tank undp' the same conditions. 41

3.10 '!STANDARD.AII.

{Standard air is air weighing
equivalent in density to dry
and a barometric.ftessure of

. 3:11 STANDARD BAROMETRIC PRESSURE

1:01 X 105 N/m2.(29.92 in. of Hg.)..

3.1

1.2 kg/m
3

(0.075 lb/fx
3
), and is

_
air at 'a' temperature of 21.1°C (70°E)

1.01 X 105 N/m2 (29.92 in. ,of Hg.).

STORAGE MEDIUM

The storage medium is the material in the storage_system in
which the major portion of the energy is stored.

3.13 STORAGE SYSTEM

The storage system is defined as the container(s) plUs o4 contents
of the container(s) used for. storing thermal energy i\11 a system.

The transfer fluid and other accessor4es such as heat exchangers
within, the thermal storage container(s) are considered as part

of the Storage system. r

3.14 SPECIFIC HEAT

The specific heat of a substance is the quantity of energy neces
sary to produce a unit change in temperature ok.a unit' mass!

3.15 ,'TRANSFER FLUID',

A

4.1

The transfer fluid is the fluid that .carries energy in and out
of the,Stoiage.system.

, -= SECTION 4.- COWICATIONS

InahAS seandaId thermal energy storage systems are,Idlassified
according to the method they ,use to store _energy and, the type, of
transfer fluid they employ.

.. .. - ,,
...



4.1.1 Sensible heat storage systems are thoe in which the heat,

. - absorbed brert<emoved-from the system results in an in-
crease or 4crease in the temperatdre of the storage medi-
uM and there is no change of .phase of any portion of the
storage medium. :Typical systems empl pressurized water,
unpressurized water, rock, brick-or eon ete as the stor-
age,medium.

/_

Laterit-heat storage systems are those involving a change
of phase of the storage medium. In this type of system,,
most of th-e hat added t6 or removed frOfil,the,systeill goes
into changing the enthalpy of the storage medium during a,...

change of phase process. -Some heat is also stored as.sen-
sible heat,, since c arging and disCharging of tne storage
device usually invo ves a finite change in the temperature
of the system. 0

..
4. 1.21A A storage system will use el4her a liquid or.a gas as

the transfer fluid. The and S1 common liquids are water or a
water-ethylene glycol,solutionc The most common gas is air.

.

StCTION 5: REQUIREMtNTS

r
:

5.1 - This standard covers only those thermal energy storage systems
that can be treated as black boxes and that do not alter the
_phase or7co4osition of tie transfer fluid passing through them.

, I

Latent -heat typ e storage systems evaluated under this standard
shall have beselecycled (see definition of°CyclinD),through their

-chang--$0,4o4m0

,

e of phase: at least 30 times prior to being ,tested,---

The transfer fl id.used in evaluating tfieserforzanCe of ,,a thermal
eneigi,' seoUge.*s stem Shall have a known specific heat :that varies 0

.

ohy'less than,F-0.5%-overthe temperature range encountered during'
, _ ..a test, . ,- :

, -
, 1 - is '. a 4 : - '

.t % t ;'t 1
_

Thi2:ioom' retie .testkng of the storage system is performed ,.
. ,4 -4 ,+ ''' k t i '*shall have,i0 ,temperature controlled to the exeehe,,,04 ehe , .

1avrpe a t/1 0-cthe four temperatures measured as sPeciLed iqSect,ionW; v4rks, ,

between extreMewbylesA'than +.17.00C-(4-1,8°,g_dmring,A test.. ,' .

I: .. .., i,,i

I

-,,- > ' V"4 , .- .
.. . .0 0

.199
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SECTION.6. INSTRUMENTATION

6.1 TEMPERATURE MEASURE? NTS,

111

./e ''

6.1:1 Temperature measurements shall be made in 'accordance with

ASHRAE Standard 41-66', Part 1 [1].
4 111

6.1.2 Temperature Difference Measurements Across the Thermal-
Storage Systeni7r7T4e temperaturefdifference of the.transfer,
fluidacroes4le thermal storage system shall be measured
with:

a. Thermopile (air or liquid as the transfer fluid)

b. Calibrated resigrancethermOmeters colected in

two arms16f a bridge (only. a Mild
As the transfer fluid)

, 1 -

6.1.1 .The accuracy and precision of :the,instrumland their
. I

associated readoutdevices shall flit within the liniitsas

followS:

Temperature

Temperature
Difference

/nstrument Accuracya

'+ 0.5°C (+ 040F)

+ (+ 0.2°6

Instrument P.g,ecisionb'

+ 0.2°.0 (+ 0.4°F)

+0.1QC et 0.2°f)

In no case s 11Ahe smallest scale division of the
instrument o ins:tti,ument system exCeed 2 2/2 times the ,

specified-4P ecisi60. For example, if the specified
44 precision is i+ 0..1%(+ 0.2 °J),, the smallest scale

4.`division shall not exceed 0.25 °C .5°P).

6.1.5 Tile ins,trwnts sfiall beconfi;gured and used i

accordance with Section 7. ofthiS standard..
.

6.1.6 When thermopileS are used, they shall be constructed in

accordancewith;ANSJ Sta rd C96.1-1964 (R 1969)121.

% 0

%, If; 't 't. , ''t I.

.._ ,,t, ' The ability of the ixtrument,to indicate the true value of the measured
-q0Aptity. .

,,k ,5 ., .1, ......4.; ..,
,.

. . -,

b .Closeness lof agreement among rezeated %eaouiements of the kame physical
,

quantity.

,

4



6.2 -.LIQUID FLOW. MEASUREMENTS

6,-2.1 The accuracy of the Meter-incldgfigiilration, if
`furnished, shall be equal-to orlietter than 4.1.0% of
the mspsured value,

r- 6.3

a-

RECORDERS AND INTEGRATORS.

6.3.1 Strip chart recorders us shall have an accuracy equalIllo

. to oi-better than:4-0.5% of the temperature diWerence
1

and/9-r voltagemeasured for each test with'the-exception
...Sthe heat loss rate test. Ln the test to determine 16 _

'.....the-heat loss rate, theaccuraey of the trip chart
recorder shall be equal to or bett'er than 2.0%.

6.3.27 Electronic integratorsusedshall hive an accuracy equal
to or better than +`1.0% of thONmeasured value for each
test with the exception of the heat loss rate test. In
the test to determine the heat loss rate, the ,accuracy
OT the electronic itAegrator shall be equal to or better
than 4- 4.0%. ,

61.4-, AIR 'FLOW' MEASUREMENTS .

When air is used as the transfer fluid, air flow rate shall be
determined as described in Section 7.

6.5 PRESSURE MEASUREMENTS
rl

6.5.1 Nozzle Throat Pressure. The pressure,measurement at the
nozzle throat shall be made with instruments that shall
permit measurements of pressure to within 4- 2.0% absolute

andwhose smallest scale division shall not exceed-2 1/2
times the specified accuracy [3].

6.5.2 Air Flow Measurements. The static pressure across the.
nozzle and the velocity pressure at the nozzle throat
shall be measured with manometers that have been
calib4ated and'are accurate to* within 4- 1.0% of the
reading. The ardh-of the.nozzleshall be determined by,
measuring its diameter to an accuracy of 4- 0.29% in-four'
places approximately 45 degrees apart around the nozzle
in each of two planes throughthe nozzle throat, Sne
at the outlet and the other in. the straight section near
the radius [3].

201
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Pressure Drop Across the Thermal Storage System. fh static

pressure drop across the thermal storage syStem shal be
. .

measured Wtth_a manometer .having an accuracy of 2.49 N/m2

(0.01 in. of watt).

THE AND MASS MEASURE A '

-141*'
Time measurements and ms S measurements sh.411 be "madel,to a4 -

accura- of ±0.20Z 13]-.:

- '

t,
zt ;

- 7 y

*

_ ? C. :' 1g Y
e - ;,

. . 1

SECTION 7. APPARATUS AND METHOD OF TESTfNC- i

*
,

f

7.1 AIR AS THE TRANSFER FLUID

The relative pAsition of the thermal energy storage.system, the
temperature measuring instrumentation, tne air)flow measuring

,,apparatus and the reconditioning. apparatus is shown in Figur Bla.
P.

-3r

Test Ducts. The air inlet test duct, between the air flow

measuring Apparatus and the thermal energy storage system,
shall have the same cross-sectional dimensionS asthe inlet

to the storage device. The air outlet test auct, between

the thermal energy storage:system and the.reconditioning
40aratus, shall have the-same cross-sectional dimensioni

as the o et of the storage device.

7.1.2 Temperature Measurem ent Across the Storage System. A ther-
mopile shall .be used' to measure the difference between the
inlet air temperature and outlet air temperature, Of thq
thermal energy storageJ.-system. It shall be-constructea
from,calibrafed typeI thermgcoupleyi-ze all taken from a

single.spool of wire, No extensIon(wir4s are to be.useOP
either its fabrication or installation. The wire

diameter must be no.larger than 0.51 mm (24 AWC) and. the
Asimpoor- thermopile shall be-fabricated as shown in Figure 32. There

shall be a minimum of six.jutictions in he air inlet, test

dhct and six junctions in the air outlet mat. duct. These
,,--

junctions shall be located at the center of equal cress.

s?etional areas:

,-7-

y

1

aThe redbmmendel apparatus consists of a closed loop configuration. An

open _loop configuration is an acceptable alternative provided that the

. test conditions specified herein can-be satisfied.

202.
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*3k 41' t S..4t

'During a4 tests, the varia
.air inletaad air outlet t
0.51)0-C+ o:92.4 ay the loc
The variation ch
instrumentation and pruc
If the variation exceed
shall be installed to
'uniforalty. peferenc
.performance of,sever

2
7

5 '
!

The meaSuring junet
`near as:possible t
storage: system.

=',Iated in such a

these ducts to
ture change fo'.

the temperatur

ion in temperature across the
st ducts shall be less than +
tion 0,&the thermopile junctions.

eked prior to 'te'sting utilizing

duies outlined in reference .

the limits above, mixing devices
chieve this degree-e*-temperature
[41 discusses the positioning and
typesofair miters.-

&Is of thermopile should be located, stke*agoinlet and outlet of the thermal energy
rte ,air inlet and air outlet sducts shall be insu-

anaei thatithe calculated heat loss from
ne amhient air would not result in a tempera
..any test of more than 0.05°C (0.09°F) between
measuring locations and the storage system.

. .

'Dry acrd Wet tab Temperaturi Measurements. Thermocouples
=;. or.other_de ces giving a Continuous reading shall, be used

, to measure the wet and dry bulb temperature at the locations
in the ai inlet and air outlet.dws shown in Figure 31.
ASHRAE' Standard 4146, Part I DI shall' be followed in wak-
ing the e?deasureMents.

7.1.4 Duct ressure Measurements. The-static pressure drop-dcross
the ermal energy storage system shall be measured using a
man eter as shown. in -Figures 13.1. add B3.= Each side of the
mar eter shall be connected to four pressure taps that arm con-
-ne ted to an external manifold, on tne air inlet/ emu air outlet ducts.

f e pressure taps should consist of 6.4 mm (1/4 in.) nipples sol-

k

7.1 Air Flow Measuring Apparatus. The air flow shall' be Inca=
sured with the nozzle apparatus,discussed inSection 7 of
ASHRAE..Standard 37-69 [Ai As .shoW'n in Figure B4, this ap-
paratus consists Basically of a receiving chamber, a dis-
charge chamber and an al.r flow measuring yozzle. The dis-
tdnce from the cente?'"of the nozzle to tjle side walls shalt:
not be less than 1, -1/2 times the nozzle throat diameter,. and
diffusers shall be installed in the receiving chamber at
lease 1 1/2 nozzle throat diameters-upstream of the nozzle
and 2 1/2-nozzle throdt diameters- downstream of the nozzle.
The apparatus should ,be designed so that theanozile can be
easily changed and the nozzle used on each-test shah be

selected so that the, thioat- veloCity is between 15 m/s
(2960 fpm) and 35 m/s (690Q fpmj. Detaiis on nozzle 43n-
-struCtion and'clischarge coefficients thaf'pay be used are
-contained in Section 7.3 of ASHRAM Standard 37-69 DI.

ered to the,duct and centered over 1 cm (0.040 in.) diameter
holes. The edges of these-holes on the inside surfaces of the
ducts should be free of-burrs and other surace irregularitieS rd.

4-r 41
-

1;0 ".'

203.
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wt.

t

... 4T; exhaust fan capable of providing the desired flow rates
'throUgh.the thermai energy storage system shall be installed

'zto-4,5..)ec . in the end well of the discharge chamber. The'dry kfic14;wei
_.

,_

_ bulb temperature of the air entering the nozzle shall be.
. measured in accordance with ASHRAE Standard 41 -66, Part I'
[1]. The velocity ofthe air passing through the nozzle
shl-1 be.determined by either measuring the velocity head
by means commercially availablepitot tube or by mea-
suring the static pressure drop across the nozzle with p

'manometer. ICIthe, lftter method is used, one end of the
: manometer shall be.. connected to a static pressure tap lo-

. .4ted flush witkthe'-i-nner wall of the receiving chamber
and the, other end to a static nessure_tap'Ioeited flush
with the inner-Wall of thedischarge chambei, or prefera-
81y,several taps in each chamber should be connected through

\ a manifold to a single manometer. A means shall also be
. provided fist' measuring the absolute pressure of the air in

. 'a, nozzle throat.

7,1.6 Air Leakage. Air 'keakage through the air fldw measuring-
`aPparatui, air inlet test duct, the thermal energy storage

,t .system and the air outlet test duct shalt,aot exceed + 1.0%
of the measured al.t flow.

1., .., .

1

..2,.1.7 :Air Reconditioning Apparatus. The reconditioning apparatus
1

. shall control the dry bulb temperature of theair
entering the-`storage system L( within ± 1.0ct (I- 1.-8cF) of'-

the

-:

desired test values at all times during the tests. Its

heating and cooling capacity shall be selected so-that dry
. ,

bulb temperature of the air entering the reconditioning -

. apparatus may be raised or lowered by an'amouat equal 'to
he largest requited

I

ia Section 8. ..,.

y.

I./ LIQUID AS THE TRANSFER FLUID

The test setup for thermal energy storage systems employing liquid
as a transfer fluid is shown in Figure B5a.

7.2.1 ,Temperature Measurement Across the. Storage System. .The
temperature difference bbtween the-transfer fluid entering

a and leaNling-thd storage systeth shalt be. measured using
either two calibrated resistance thermometer.connected

;;;_;-

in two arms of a,bridge or-e thermopile made from
calibrated, type T thermocohAe-wire'all taken from a -

.-
single spool of wire. 'bite thermopile shall contain any
even number of 'junctions construored according to, the
recommendations in AD.1.SI Standard C96.1-19641* 1969)

-'a
,The recommended apparatus consists of a c10ed lc* con guration.

;

An
open loop. configuration is an accept4b1e alternative pfoO.ided 'that the
.test .conditions specified herein can.be sgtisfied:

, 20h
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Each resistance thermometer or each end,of the thermopile
is to be inserted into a well.[61-locatedas shown in
Figure B5. To insure good thermal contact; the wells shale
be tilled with iteit oil. The wells should be located just
downstream of a right .lgle bend to insure proper mixing [1].

To minimize temperature measureUnt error, the wells should
be located as close as possible to the inlet,or outlet of
the storage device.Inaddition, the piping.shall be,insu-
lated in-such a manner that the calculated heat loss from,
this piping to thela.mbient.air would not cause a temperature.,
change for-any test of mort than,0.05°C (0.09° F) between:.
each well and the storage system:

-7.2.2 Additional Temperature Measurements. The temperature of the
transfer fluid at thetwo-locations cited above shall also
be measured by'inserting appropriate sensors into the wells.
ASHRAE Standard 41-66n Part I [1] shall be 'followed in

-

making - these - measurements.

.

,across7 2.3- Pressuee Drop Across the Storage System. The pressure drop
16Fr

across the thermal energy storage system shall be measured
using static pressur -e tap holes, and a manometer.' the edges
Hofof the holes on the inside surfaces of the pipe should be
free of burrs and stould be as small as practicable but not
exceeding, 1.6 mm (1116 in.) diameter IC. The thickness of
the pipe wall shouldrbe 2 1/2 times the hole diameter [5].

. 7.2.4 Liquid Transfer Fluid Reconditioning Apparatus. The recoil--

_
ditioning apparatus shall control the temperature of the
transfer fluid entering the storage system to vithin -I- 1,0QC

_ (4-'1.8°F) of the desired test values at all times during the_
tests. Its beating and cooling-capacity shall-be selected_
so that the temp'brature of the liquid entering the -recon- ,..,

.
ditionimg apparatus may be raised or lowered by an amovnt
equal to the largestrequired'in Section 8.

7.2.5 4 Additional Equipment. A pressure gauge, a pump and a means
of adjusting the flow rate of the transfer flUid shall be
provided at the.relative locations shown in Figur'e B5. In
addition, a pressure relief N'aaVe and an expansion, tank
shotild'be installed .to allow the transfer fluid to expand
and contract freely in the'appAatu0'..

aL
Figure

-
-

is). should not be interpreted tomean that the relief valve and
-050ansion tank necessarily 'be located below thb thermal. energy storage

2 60_



8.1 GENERAL

At
I

I

curdepi.SECTION 8: TEST PROCEDURE
A

The methodthat has been most commonly employed kn'testing of
water storage tanks in Japan,[11, 12, 13] is-to, cause the transfer
fluid entering the storage device to undergo a step Change
in temperatu/re and to measure the temperature of -the

6 /4- 3.

transfer fLuid leaving the storage unit. By integrating the
difference in temperature between the inlet and outlet overlthe
testing period and multiplying the by the transfe
fluids' mass flow rate and specific heat, one can determine the
amount of heat added or removed during this time perioda. This

energy balance is shouin conceptually in Figure B6 where the
area under the curve represents-the energy absorbed during the
time period shown. If i0e time period chosen for the test were
some characteristic timeAePending uppn the size of the storage
device chosen, the heat storage capability of'different devices'
could -be compared. This will be illustrated by citing typical

!

results taken from reference (141.
. 4

Yang and Lee. [1A] performed an analysis to determine the n ature
of the transient heat transfer between a heaestorage unit and
a--circulating or transfer fluid dupe to variations km-the inlet

temperature of the transfer fluid. The configurations chosen .

for analysis are shown.in Figures B7, 4.8, and B9. Figure B7

showS% specific -heat type storage device in whighaliquid
storage medium is- heated or cooled_hy -a fldid passing through
thin tubes inside the container. Figure B8 shows a pebble-bed
type-unit in which the transfer fluid comes in direct contact
with the storage medium. Figure B9 shows as, in Figure B7, a'

heat-exchanger type storage device except in this case, 'the
.transfer fluid is circulated around tubes which,encapplate a
latent-heat type material such as a salt-hydrate.

The basic one-dimensional transient equations,g6v_qrning the
.

temperature distribution...9f both the transfdr fluid and storage

medium are presented and solved using the LaplacelLtransformation
techniilue. Yang and Lee point out that the houn&gry conditions
most appropriate-to simulate a rea,1 storage device would be
some arbitrary variation of iniet'fluid,temperature.with time.

.1

\ 3, ^".

A t: a, IZ5
. , -; t

ih'11-is strictly true only if the ldsseS-Irom the outside ofth'e
storage unit are negligible. Otherwise

t,
the losses must be accounted

,.*

for in:the-energy balance.
!

,...,

- . ,
1

t
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:However, since it:is impractical to calculate the system re ponse

I

For every possible inlet variation and since the'storagesy tem
*described by linear equations, its dynamic characteriati s'

.
MaY be conveniently-investigated by using a_step input or a'

7
sinusoidal input. Solutions are given in [14] -`for both

,:.

the step;
$ . r *
.j. -input andpinusoidai input for the-configurations of Figure

.-.._. B7 and BUbUt only for .the step input for the latent-heat t pe
dev' ce :t, .

t

-:.

-Typical results are shown'in Figures 616 and Bll for a Ovate tan's

in ;which lister is also circulated through the heat exchange as ,

' the transfer fluid and the input is a step function. Figur
B10 shows the temperature distribution of the transfer flu4 as

a function of position down the tube and time. Figure B11 hows
the same thing for the storage medium or water in.the tank. These

'results were for the case of negligible resistance to heat rens-
., ;,,

fer at the interface between the tubes and the storage
f
media,a.

One should note that it has been possible tolreAnt the results
in dimensionless form. The temperature difference between
the fluid and. the initibl value is, divided by the differenek
between the inlet.value and the initial value (step'fundtion)
to get t*. The space dimension is divided by the total,patt
length through the storage device to get x * and time has bee
made dimensionless by dividing it by thetime required for a
-fluid particle to travel plrough the system of length,Z, th.
where u is the flow velocity. The proceps of normalizing
the results has been possibtle due to _the' fact that the,$system

behavior is described by linear equations. In-reality, the

response of storage devices will only approximate a linear
behavior. COnsequentIy the testing procedure included heffein
has been written in such away as to,determine the response of
the system-tz.different step inputs and for both heat
storage anorheatremoval processed even though the results of
the linear theory would.indicate this is unnecessary.

Is

To demonstrate how different storage devices can be compared
based on their response tiPta,step function input, the results

o

of reference [14] have been used to plot the curves in Figure.

B12. The'curves are pl ots of dimensionless temperature difference

o.
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bet.c4den.the inlet and outlet.o storage tank configured aSdn
Figitie B71, Both curves are for the ,same,flow rate of water,
(transfer'fluid) through the storage device. Thednly difference
between the two is that.on one hand there is a finite resistance

f ' t

. to hear transfer on the outside Of the pipes 010.= 56.7 W /(m2 °K)

typical pf_riatural,convecon in the tank and on the other, there

i_ negligible resistance (110 = 00).'.The area under the curve is
prbportional to the amount ofenergytransferred inta-or away
:flom the Storage unit. As can be seen, the device with

e smallest resistance to heatransfer his clearly the more
ffective one for absorbing or releasing the energy.

AX

Up dntil;,this point, emphasishadbeen placed on-didcussing
the.cAparison of Storage devices based on their response to a
§,40i increase in inlet fluid temperature. Other possibilities
exist.

.R.-
. .

A decona-ithodthat could be er4i4ea would be-to subSect fiche

k.

,

,

transfer fluid entering the storage unit to a constant influi.; of
heat, Q. Thi would result in raising the temperature.zorthe

Pe

entering tra er fluid nasSumini the specific heat of" the
transfer id ds constant) by a,fixed number of degrees.above
thetout t temperatureBy measuring the time dependent, outlet
tempera ure one could obtain informa ion that would be usefdl---
in designing Collectorstorage systems. While this method

interactionsimulates more closely the real interaction between a collector
and a st f rage device, it -has the disadvantage that one cannot.
Jrleascireithe energy storage and.removal capability of the unit.
This 'S due,to.the fact that, if one measured the heat absorbed by
the storage unit over a'perdod of time, it would"just be equal to

,,Qsx tl*,test period or the amount of energy added to the system.
gz _Thus-the only I.:I-ay of comparing different storage..devideawould be

to compareplots of outlet temperature versus,time for_different
ta values gf Q choosen so as to take into account the different sizes,

Of the storage units being compared°. The storage device with
the lowest average outlettepipotature would probably be considered
best because this would /tend to maxiknife-the efficiency of a

collector., q'
,..

3
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..ikthird method mould :be to us p a,time.varyipg 4 and to measure the

o9tlet temperature as a function of time during )1he-testing period.

This would alOw one to simulate the output of a collector over One
,

or more days alTto determine the response Of the storage device:
If the time dependence of Q resulted in an oscillating inlet tem--
perature, one would also be able to'lpok at the degree of stratifi-
cation attained in.the storage unit. This method has the same'
ditadvantage as the second method4that it would be very difficult
io.cOmfere the performance of differentftVrage devices1 In addition,

one has the problem, of decidintion what iSAbe typical cycle. for Q;
not an easy task when one, considers that the' output of the collector
depends not only on the weather but on the particular storage unit

employed. The major advantage of this method would be that by in-
serting an.array of thermocouples in the storage medium, the experi-
menter could measure the temperature Stratification ip the unit.

Stratification, which in water tanks results from different tempeAt'Ure
water seekihg its own density level, is a desirable characteristic.
for operation in a solar heating and cooling system when the inlet

fguid temperature varies up and downiwith time. If.large stratifi-

C'ation results when the inlet temperatur is either constant or a

monotonic (incrasing or decreasing) fun ion of time, it is probably

a result of short cirtuiting 'low (i.e. dead spate in a wateritank).

This short circuiting of the flow could restilt in higher fluid tem- e-

P'el=ature6 to the collectoran&thus decreased efficiency, Which
could easily off-set the avalages of tratification.

AWKtb.test thetransient responsp of the storage unit the first method
of meksuring the response of outlet temperature to a step change in Ast

inlet temperature, was chosen as a...4sis for the test, This method

'-was selected bec se:

-it-Permits the determi tioa,,,,of-'effective storage

_ -capacity andi4hus allows an easy_comparison OirdiffereAt
_ types bI storage:Units,

appears to.be the most fundamental approach since
linear theory shows that the outlet temperature response
to a,consta or variable heat'flux,"4 can be predicted:-

one knows w the Outle temperature changes with

- a step Chang inlet temperature,,a0
S

,...,-

- -.,_. .0, it is felt,that the relative performance of storage
t..

.

..,,,,,, _kw.

. . devices using this methocCwill be the sime'if either

, of the 4ther procedures dwere used.



8.2 STORAGE' CAPACITY, FILL TIME, EFIECTIVE CAPACITY FOR HEAT

STORAGE,-EFFECTIVE CAPACITY FO HEAT REMOVAL

AW' i
...:.,

The storage 'capacity SC (ti, At) of a thermal energy storage

systeMlp defined as the energy that can be stored-in a system
undergoing a At increase in temperature from ,its initial value

ti. The. value SC (ti, At) shall be'calcu-lated by adding up the

amount of. heat absorbed by-the individual Components in the

storage system (storage medium, tank, heat exchanger, insulation,

etc.) in raising their temperature from ti to (ti + AO.. .1f

there is .an uncettainty in the heat storage ability of the
storage medium; a representative sample shall be tested in a

. . .ft
caloriteter to determine the amount-of heat required to raise

C

-wits temperature from ti tot. 1 + At): 4

The...concept.of fill time as introduced in this test procedure

is used for the purpose of specifying the time of the transient

tees. Recall, that in theanaysis of Yang and Lee [14), it was'

possible to present the response characteOstics of the thermal

litoragovnit in terms of a dimensionless-time where real time

i divided by some characteristic time Z/u., the effective path

length of the trans der fluid divided by the effective transfer

fluid velocity. This alilows a_Convenient way of comparing

Storage units of the sarld basic4design but of different'sizes.

Ijowever, 'if-one is going, tocompare, for example, a water storage

tank whete thetransfer-4luid and the* storage medium are the same

with a storage tank and.embedded heat exchangerkThere.the volume of

water in the heat-;exchanger (transfer fluid) at any instant is

only 1/10 of the voiiime of the water in the storage tank (storage

met26), then comparing tike response of the zwo over the same

time.period'tiu would be,unfairi The deyice with .the embedded

heat exchanger would aaear to have-something or.l.the girder of

.10%.of the storage capacity of the other ,device when Compared

'over the -same number of time periods k/u:. Consequently, a

different time scale is introduced herein that'will allow
-storage units of entitelY,different designs to bd,

compared on an equitable basis. .

If a stoxagennit has a specified thermal capacity or storage

capacity SC: (ti, At), and the transfer fluid- of speCific heat

ctf(ti) is flowing through the device At a constant flow rate
M andlhas an inlet temperature At, above the initial tem--

perature of the storage 'de ice, then thefill.time is defiNed- by

SC(t1,A0 2.T = (1)F. M.ct.f(ti)' At

In the testing procedure, all storage units are tested for
the same fill time and then the thermal sesponses Compared:

-210
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In other words, -if two different sensible-heat devices

had the same ultimate storage capacity and were being tested
over the same At but one used water (water tank) and the other

. air (pebble-bed type) as the transfer fluid, and the,flow rates
were such that the fluid dwell times (determined by k/u) were
identical, it would be unfair to compare the respoide of the two,
units Over-the' same real tzifile period: One would be able to t

charge the water tank with considerably' morenergy over the same
time period, (ayproximately'by the ratio of ((m ctf)water)[((m,ctifair)
The recommenslation here would co test the,two units for the' r ,

(

same fill time,as defined by equation (1). \Jconsequently, the
4,flow rates would be adjusted so that ((M ct) d/(1 etf), .r)

= 1. In other words, the flow rates for the Wfthrent devices are
Adjusted so that the amount of energy entering the- device (or
- leaving for an energy removal test) perunitplermal storage
capacity is identital for the 'two devices.a

i

The fill time T
F ansl-the flow rate of th ansfer fluid M arq

related iii an inverse manner according to equation (1). One,,
possibility for specifying-the test conditions of the transient
,tests would bto specify the At to-be used, allow the-experimenter
to select an M, and then, depending upon tie properties of the
transfer fluid (ctf) and storage-capacit of_the unit,-conduct
the tests for some fraction or integral-of the fill time. However; the
experimenter who wAs concerned about the optimum performance of his
unit would no doubt select a flow rate where the-relationship between
the energy transfer `rate and pressure drop (or power required to push the
fluid through the device) was an optimum. Il,,,actual installations,
the flow rate through and At_acrosg-the storage deviceis controlled
hythe flow rate through and At across the collector and/or
building heating and cooling system. The flow rate is usually

. proportional to the collector size and in turn the storage capacity
is usually proportional to the collectbr size. ..eCOnsequently, the
ratio of SC/M is constant within- certain limits 4hich means

41F

according to equation-(1)i, the fill time-is constant within
certain A a result,. in the -test procedure; two different

4

fill times are Slecified,that are felt to be typical A installed

systems, the At's are specifieeaccording to-whether a liquid or
?-air is the transfer fluid b , and the flow rate "to be used-is ,

. .

is
.

A '' ,,, 2 .
.

.0ne should recognize that for an ideal-water-tank where there is
.

entirely piston-type flow, the above definition of fill time is identical
,

,WitWthe fluid dwell time.
_.

.).

Air heating collie s, impose a much higher At .on the storage device
than do:lipTd-he g colleGpors.--- - . .' .

I
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-at t'Calcular,,e accod.r ing o equationion (1)...

. -
The effective capacity for heat storage EC

hs
(ti, At, TF) is defined

as the net amount of heat flowing into a storage 'System during 4*

the time period (.T0, To -+ TO when the entering transfer fluid,
that is initially ac temperature ti, undergoes at At step increase

in temperature at time 10. It' may h "calculate4 using the equation
wir

,..,

EC (t ) =
hs

T
F

4

I

c-

tf
(t )

T

J
at (T)

0

L T
F"

[t
i 2

t
a

)

$

N'
(2)

.11W

where St (T) = [tin (T) - t, (T)] is the difference between the
inlet temperature tin and tie outletitemperatUre t

oUt
at time T,

to r§ the average ambient air tempexature, and M has the value
''specified in Section 8.6.

removalECh At, T
F
)4,

is defined as thenet amount of heat remove& from a storage system

during the time period (TO, Tt0
F
) when theNentering transfer

fluid, which is in.itially at temperature (ti +' at), undergoes a At step

decrease in temperature at time To. It,may 'he determined using
.

.the formula:
.

8;3 GENERAL TEST REQUIREMENTS .

= th Ctf (t

T

JO

O

F

1 at (r)- '41(3)
ch.

All of the tests require that the temperattjre of the-Storage medium,

prior to the start of data taking, be uniArm "Se the desired tem-

perattre and that there gxist'steady flo4-of the eranpfer Min
through .the storage system during" a test. To achleve,the "former,

the transfsiquid shall be circulated through thetestifig

1apparatus until Steady.,staLe conditions are achieved and the

inlet and outlet temperatures vary by less than W50C C00.9°F).

during a one hour period. the initial temperature-is then defined

to be the arithmetic average oiNtle inlet and outlet temperatureS:

Steady flow of the transfer fluidcshall be considered,achi ved

if ttre faqw-rate varies by ,less than + 1.0% during a, test:.

r 212 '(
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For all tests, with the exception oPfthe one to.determfne the heat
loss rate,* the-temperature of the storage medium shall remain within
the normal operating range of the storage medium. For latent hea

type storage systems this means that the storage medium, shall,undergo
a change of phase as the temperature of the storage medium ia both
increased and decreased by At in the manner discussed in Section 8.1.

11 1

During tests involving air asgthe transfer_ fluid, the ary bdb tein7
perlie of.t,he transfer fluid,8fiall remain abOve the dew point
temperature of the transfe; fluid, and, the inlet dAr ppints temperature

shall equal the outlet dew pdint,temperature and both shall l'emafillo,

constant. The latter shall be considered accomplished if tyke inlet

and outlet-dew point temperatures,vary be less than + 0.5 °C (+ 0.9 °F)
during a; test.

:OP

L.,

Coek,

At*

0

1101
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.4- TESTS'TO BE PERFORMED

The first test to be performed on a thermal energy storage systeM
is the' determination of the peat loss rate, L. The. test method
for doing this is discussed in Section 8.5. After this is com-
pleted, additional tests are required to evaluate ECht. (ti, Lt, TF)',
and EChr (ti * c").t, .04t, TF) .fora specific 'ti and a givenpiriair of
'parameters Ti and The setsoffparamete4S d are to be
chosen depending on the ,type of 'thermal energy, system,' so
that all of the7following combinations of the .variables TF and Lt
are-tested:

,

TF 2 hr, 4 hr and Ct = 16°C (28.8 °F), 8°C (14.(1,) for
thermal energy storage systems using a liquid trans-
fer fluid,

= 2 hr, 4 hr and = 506C (90°F);-28 C (50.4°F) for
thermal energy storage systems usinapir as the
transfer fluid.

.O

4

When a phase-change,type thermal storage systemids being tested that
has been designed to be-"charged" or "discharged" over a specific
time period, thistime period shall be used as the fili.time for
'testing in lieu of the above specification.

The value of ti to be used shall be chosen based on the intended .

application for the thermal energy storage system.' The performance
of these tests is discussed in Section 8.6.

8.5 METHOD FOR DETERMINING THE HEAT LOSS RATE

The flow rate of the transfer fluid shall 414 adjusted to the valUe
(see equation _(1)): ,

.sc (t, , 25°C)

(ct_
r

(t
a:+ 25 OrWhr) (2506) (9-

. .

and-the temperature of the transfer fluid entering 'the storage sys--, a

cgm shall be -raised 25(t.,S45q") abOve the average. ambient air tem-
perature ta. After the storage syst'em has reached a uniform, steady-
state temperature, the average value of 6t shall be determined over
a one hair period'` This average, that will be called 6t, is to be
obtained by integrating 6t over this time period and then dividing
byythe time period. The tiate,of heat logs L from thestoragelys7.
teM shali,then...be determined f?oli,i .,

. '
.

''. -

tt
(t
a
+2.5'C) at .

L
25°C

, f. 214
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8.6 PERFORMANCE OF A TEST INVOLVING A \t° -STEP-CHANGE IN i'EMPERATURE'
. AND A TF FILL TIME

The test described in -OAS' section is "to be performed'oil-both sensi-
ble and latent heat`-type storage systems$ However, because the
performance of a latent heat-type storage system isusually affect-

.ed by its immediate past temperature history, the test-herein de-
scribed shall.be' performed twice on this kind-of stgragesygtem.
After the test has been completed once, the storage system shall
be allowed to reach a uniform temperature and the test is then to
te repeated. Only data collected on this second test shall be re=
duced and reported as discussed in this_seption and in Section 9.

Afterthe. siorage medium has reached a uniform initial temperature
t theqlow rate shall be ,adjusted to the value:

4 .SC

A. c
tf

'(t ) T
F

. (6 )

The temperature of the transfer fluid entering the storage syStem
shalibe increased in a.step-like manner to the new. value ti 4- Ltt
at some time To. During the time period 00, TO, the difference ,
between the temperature of the transfer fluid entering and leav-

: ing the storage syste6,44 (t) =.ftii.,
.-(T )- 'tOtit

(T )4 , sh411 -either
-'7- be tecorded on a strip chart recorder or integrated Ars time us-

ing an-electronic integrator. If a strip chart record is Used,
5t(-) Shall be manually-integrated over time afrer,the test is

. completed. The integrated value

To TF

t (1- ) dT
+0

:plus a knowledge of M and ctfr (tt) allowptermination af the
effeCtive storage capacity EChs TO by means of equation
(2) .

1

,t

The last phase af:the,test involves a step =like decrease in the
temperature of tha transfer fluid ent4ring tne reconditioning
apparatas: The tem:yarature of the entering transfer fluid shall

t ti + At until the temperature of theteansfar
e storage system 'is no longer changing with time.
the temperature of_ entering transfer _fluid
row (ti At) to ti. Assuming this stepchange

e quanUy, ,

-Sty maintained
fluidleaving
pllowing this,

,shall be -r-educed

tal:e4"-place at

6t: (19

o

V
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is to be evaluated'/Net- the time + trI3-either by
-.

direct electronic integration or by recording ot- (t) on a .strip---_.
chart recorder and then'manudlly integrating. Equation,(3) is

. then to be'used,/to find the effective heat removal capacity ECtir
4' (t 4-:&., Lt, T

F
). . -.I

. ..
,8:7 AN_ INDF:PENMENT. CHECK 'ON THE INTEGRAL OF 4t ;-- .

. .. .

As an independent check, the inlet temperature,
t

itin, ;g t,heout- -

let temperature, t,,nf the transfer fluid thall,be recorded on
strip chart recordersout. The quantities.

7
0 ,o 'F

(-) d7 and . 5t (-) d- shall be-calculated using these

1dor , o

recordings and compared with the'identicalluantales that are ob-
tained by using the-Primary method which measuresZt (Sr) = [tin (T)
--t (r)1 directly. order for a test to be'valid, the valuesout
obtained on ,t.he check must be within..-r 10% of the'results obtained
using the primry method.

,8.8 AIRerLOW RATE CALCULATiONS-
- /

The air flow rate? through-the nozzle is calculafed'by the follow
ing equations:

Q . = CA (P J ""'" (7 ) -
, nvn

n
' = 10.1 x 10' vn( Pn

(1 W
n

) ( b

The air- flow rate of standard air is then:

.
8.9 MEASUREMENT OF AMBIENT AIR TEMPERATURE

' The ambient air temperature to shall:lig:the arithmetic ,average
,temperature of the test area, determined by four calil&ated,

temperaturesensors. ASHRAE.StanOrd 41-66, Part I j 'shall
be followed in making these measurements. se rs shall lie
in a horizontal plane approximately at the yertic - midpoint of
the storage system and shaft be'approximately O. mt(23.6 in.)
fronithesides of the storage system. ,

.271. .



8'.10 ESTIgATION OF POWER REQUIREMENTS

In order to estimate the power required to move the
-transfer fluid through the thermal energy storage system, the *-

following' equa$ ion shalt be used :

D

= /

-SECTION 9. DATA TO BE RECORDED AND, TEST REPORT

9.1 TEST DATA

(8)

.
.*

-Table BI lists the measurements that aj:e to be made' during the var-
ious tests.

. .f

5.2, TEST REPORT

Table B2 secifies the aata 20 be reported in testing a
thermal energy storlle system. The performance coefficient for

LIP heat szorage,.PC4s, is defined in Table, B2 by the formula:

PChs

EC h/ (t., .21t , )/V,
s F

11.2to H20
.1

where c and are the speCific heat and density, resp- tt ),
Lively

of water at the Le-iperattare ti + At/:2. The -performance ,Jt.ftliciept

, for heat r:noval is si'dlarly defined py:

EC hr .(ti. +'''' 21 t '' 7PI17p

P
Chr

=
: .c

H2

p

u
,..

° H2

The performince coefficients for heat storage and'heat removal,. as

defined above, compare the performance of a thermal enemy stor-

.
age ug.tam with the thedi-eidcal pe'rformapce. of can' ideal/water tank
of teqrai volume and having perfect pistqn*pe flow and/ hero "

0

-heat loss. .

.1:-

(10) ,

1
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i

A A.
II

C

Both PChs and PC
hr are to be calcula ed fdr each of the eight tests.

-

that determine the, effective heA st rage and removal capacities
-for a-specific ti. In additiom, a s ngle plo't is to be provided
showing the time variation in outlet temperature of the transfer-.
fluid for these eight tests. The quantity

4,"
'out

t.
_

o

-s4

shall be plotted as the ordinate, while the abscissa shall show
the time periods (T

o'
T
o

7
F
) and T

o o
9

.S,ECTIQN 10. 'NOMENCLATURE

EChs (ti,

ES111.--ft.

SC (ti,

areaof nuzzle, m
2

Tozzle coefficient of discharge

specific heat of water. 3/(kg 0C)

%

specific heat,cof transfer fluid at
3/(kg.°C),

nozzle throat diaieter, m
. .

7F) k
'

effective capacity for heat

effective capacity for heat
/

storage, capacity,

heat loss rate, W/°(;

mass flow
, _

performance

ti,

storage,

remoN040110t

rate of transfer medium, kg/s
. .

coefficient for heat removal

. performance,coefficient for heat storage
. -. ..

, . '2
absoldte pressure at nozzle throat,. N/m

estimated power required ,tp move the

transfer ,fluid through: the thermal
'energy storage system, W:'

.

velocity pressurNsf static pressure
difference across nozzle, N/m2

measured Air flow,j9L.
3
/s'

21*
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t
a

out

vn

vt.;
"
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td , p

8

I

c3
standard air flow,'m Is

initial temperature ofstorage'gyitem,°C.

temperature 4f transfer fluid at inlet,
°C

average ambient air temperature,°C-

temperature of transfer fluid at outlet,-
oC

o

specific volume of air a ry and wet-
'bulb temperature condit.ons existing at
the nozzle. but at standard barQmettric

pressure,,m3/kg.dry air t

specific volume of air at the nozzle,
m3 /kg dry,air . .

volume of the storage.system, m3

.
total mass of storage system,' kg

- humidity ratio at nozzle, kgH20/k

aj,X

pressure 'rop across storage system,
:11/m2

step change in temperature',°C

Inlet,- temperature, tin, minus outlet

perature, °tOut'c'c
,

average of Ft (t) during test

,,

density of the transfer fluid

de sity of:),/ater;:kg/m3

tie

fi1l time, s

initial. time .- - j
,

-,..--

,-,---- -
- -

time at whlich CeMperature.,of

fluid` is decreased from ti ',#:
,..,

,.
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.
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Barometric Pressure .
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Table B2 Data to be Reported

_

=General Information

,:Manufacturer
-

Model i4

Storage Medium

Transfer Fluid

'Weight of Storage System, W

Volume of Storage System, V . .

Normal Operatipg Temperature Range
. .

,..
,

Minimum Transfer. Fluid Flow Rate

Maximum Tranifer:Fluid Flow Rate

Maximum Operating'jressure .

_Flow ConfigUrition,rested..--

Heat Loss_Rate Test
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a

. ; :1 . .. , .

SC (t 25°O..
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6(0

4Sr
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m ........
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Well confaining temperature
measuring devices immersed

in light oil

Right a'ngl'e bend
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HEAT EXCHANGER TYPE THERMAL STORAGE UNIT

TRANSFER FLUIEMANSIENT TEMPERATURE DISTRIBUTION
a.

tf* =
tf to

tf0. to

XR

IP

tf = transfer fluid
temperature

to = initial temperature
tfo= temperature at inlet

.
transfer fluid-water

storaspeomedium-water

.11

0.4 0:6 0.8 1.0

1

ho;. a'°. ,-

d =1.27cm

A 0/Al

a

Figure 810 lranslent Temperature Distrib;tion.for the Transfer huid in
. a Heat Exchanger-Type Therma1 Storage Unit. from Reference 1141
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STORAGE MEDIUMliANSIENT TEMPERATURE DISTRIBUTION
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x*
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tm = storage medium temperature

to = tt;mperpture
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*
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transfig-fluid- water

storage medium -water

I
.
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8. Appendix C

Radiometry and Its Relationship to the Ch;acterization of Solar Collectors

1.-

. . -.

....)

.

_ INTRODUCTION 4"
,-, .

, . .
.

The puPpose of this Appendix is to describe ( =I) the radiometric quantities that muVt
e measured for solar energy utilization programs, (2) tfie sources of erroi,affectingt. 1
easurements of-these quantities, and (3) procedu?es for accurately performing these 4

asurements. Since procedures will be described that reqpire equipment that has not.,
en developed, this Appendix will define both the state-of-the-art and cUrrent problem
e &s in solar conversion radiometry. This material: is general eno h to apply to phlii -
version as well as thermal conversion, but fhe4emphasis is on the la tel.',

4, ..

The role of'radiometry'in support of solar power utilization has been ex amined
Re -rence [1]. Three distinct tasks that make somewhat different demands upon rad etry
hay beefi identified: (1) converter design, (21/ compeIitive selection among convey rs,

and (3) pptimizaiion ch. performance of operational convertors. The present materialis
writ en with these taskd in mind, but specific procedures for each task will not he 4pscribed.

Ther are two Masons for this omission.. First, such an approach probably reguires'it at .

both, the solar convertor anS the instrumehtation_used to characterize it be treateli,ln a
unifi dmanner as elements of a single system: This of course, is Well beyond the'isippe of

this ppendix. Second, such an approach is prenat at the present state -of-the -aF in

radio etry. This field has the dubious distinction being an area of measuremenD,Pcience
that i characterized by surprisinglYlow accuracy. e percent is rarely achieVq40ald .

ofie qu er of one percent has been bettered only in relative measurements,(measureMents of
thera los of agi?ven guan741ty), never intabsolute measurements (measurements of 40ntities
tith un'ts such as W/m.). Typically; five percent radiometry, if not pushing theptate -of -

the -art is at least very near it. This is in marked contrast to electrical meast4ments,-
. where fi e pei,'cent is typically two orders of Azagnitude from the/state -of-...the -art"-

Furthe re, radiometry is presently undergoing a conceptual and technological revOlution .%

that pro is2s to completely transform the field over thenext'five" years. Thus, tilis_

material an serve only as a basis for interim, rather than, long range, planning and recom-

Mendation . . /
.

S., . Ak /
..

.., The material is organized as follows. In the/next section,'the co:4, ncepts.that are

necessary or understanding what fpllows'are defined. They include the key radiometric

quantities or solar conversion which are the relative angular and spectral response of the

converter a the effative irradiance. 1z:tithe following section. various sourcei of error'

affecting m asurements Of these and related 'quantities.lre described. In the final section,
various,mea urement procedures and the accuracy that can be expected of their results are '
given. ...' .r .

t

k

o.

-Refel-ences are listed at the end of this Appendix..

.
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A

CONCEPTUAL DEFINITIONS

' _J

. Various radiometric quantities of importance to soldr conversion gill be decined In

olid
are

this section. With reference to Figure Cl, surface S that includes a,point p; and, a
a angle P that includes a direction m which makes an angle 8 with the normal n to 5 at;.

\ shown. The spectral radiane is defined as

11

40? L(m,p5A.t)

wo-0

AX4.0

Acos w

-(1)

.%)

where P is tthe,quiPtity. of radiant pOwer with wavelengths in the interval-between A and
A+AX that ikincident*O1 the surface S from thedirections,_included in P, where A is th
area of S, and where w is the measure of P. Thb spectral .radiance is dqined for each
direction m at each point p in space. It is a fun4ion-of seven variabla, the'two coo
dinates that define the direction m, the three that locate the point p, wavelength A
time t.,' .

°

Reversing ti* processthe power incident on a surface S, from a specified solid
SI is giVen by

P =
-

1
P

L(m p
S 5

-- The inner most integral in_equation (-
solidftngle P) define-di-as

°4-

5

A,t) m.n-dwm.dA.dAp,

spectral irradiance°is the

,

E(Q,pX,t)
Aim, A

P
Ax

A-0.0

AX-00
a

(at the

(2)

point p fr

(3)

I-
)

in equation (,R) ids the,

called the total-irra-
)

again with ce'ferenCe to Figure Cl. The inner most double integral
of spectral irradiance with respect to wavelength. It is
r just irradiance. ,It is defined:as

E(Q,p,t) =

AO

witVreference to Figure Cl.

"4 If 6 in !actuation (S) were the'surface of a solar collector and P were the portion of
the_Sky.that was Viewed by the collector,_ then P would be the solar paver, ins lation,-or
.rate of energy incident on the collector. In general, the useful power output
simplyrelatftd to P but rather it, a funcEionalof the speCtral radiance di
function a. For, simplicity (and iDecause(it is a good assumption), it is ass
exists some fundfionlof aOingle variation f.(x) such that the power conversi

r
gle

f
the

be described ,by /

where

P.
o
= f(Eqn,p,t]).,

A
1= I

S A P
a(m.n

5

X) L(mcp,A,t) mn dw dA dA

s
?.

"Fort a-diseusiion:b functionals see reference p, 106.

P is not
ributioh

ed that there

A process cari

,

(5).



is.
. .

called the effeptive irradiance, ct(cosO,A) is the relative spectral, directional response
Of the convertor, normalized to unity at the wavelength and direction of maximum response,

C anCA is the area of the collector surface S. For all practical purposes the spectral ,

radiance'can be assumed to be iddependerfvf p over areas at least as large as solar tolled -'
tors, so . A . \

A; .
E*(n,p,t) H. IA Y2 L(m,p,A,t) mn dw

m
dA dA (7)'

P

Furthermore, it is convenient to choose the specific functional

1

Po/A = ME*Ern,P2t]) E*(1121),t)

form'of f(x) such that

The physical interpretation of this equation is that the effective irradiance is converted
into useful power output per unit collector are with an efficiency S(E*) that depends
upon the.effectiveirradiance E*. Furthermore, different spectral radiance distributions
£ ' give rise to the same effective irradiance of a given collector, also give rise to the
same sefUl power output from;that collector. Finally, since the collector for the special

,case f monochromatic) uni-directional incident power concentrated at the wavelength and
direc ion of maximum response, the function (3(E*) is just the maximum efficiency with which
radiant power can be converted into useful power by the particular convertor when its
rtf.ctive irriaiance is E*. This is all very Alce, but it Is cruciapy dependent upon the
validity of equation (5). Thus, it is worthwhile to irrrestigate its physical significance.
Essentially, it 'states that all variatioy..: electrti and directional response arida from
-^ptical effects. 3n&. JO incident radiant power has been absorbed it is treated exactly
the same by theconvertor, independent of the wavelength or direction of the radiant power
that gave rise to it. The possibility that the processing of the absorbed power is non--
linear is allowed, abut none of the optical effects preceding or accompanying absorption
may be non-linear. Actually these are quite reasonable assumptions, and they reduce the
complexity of the problem immensely.

4. 4s.
Finally two more defini.ft*t are required. First; the scaler irradiance defined by

E(0,p,t) = f Isl 1L(m p t) dw dAA 2 (9) .

is a useful Concept because it is proportional to the-energy density. of the radiation field,
and therefore sets an upper limit for the rate at which enefgy Can be extracted from the
'field per unit area The actual rate, of course, depends upon (3(E*) E*. Since the only
.difference between E(0,p,t) and E(0,p,t), the inner most double integral in equation (2)
is the presence or absence of the mn (i.e. cose)' factor, one is led to define the collection
efficiency of a sface in a given direction as the ratio of the area of the projection of
the surface in thE(urgiven direction to the total area of the surfaces This rather trivial
concept is of importance in the,discussion of sources of error in the next section for the.
following,reason. In solar collectors, area costs money, so area must be-mit

(i.e..

The '

ionssurface' thatthat the best collection efficiency averaged over all direc ons for
isotropic flux) is a plane; however, the collectidn efficiency Of a plane is not unifOrm
with:direction; varying as it does-proportionally to oos0.,

.4
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SOURCES OR ERROR

Perhaps the most serious source of error in solar conversion radiometry is the tremen-
dous variability with time of t'he directional distribution of,the spectral radiance in the
sky above a solar convertor, The problem is that the'relative directional response,

a(,cos0) = I a(cosO,A) dk (10)

of practical,solar collectors varies significantly among the different types. This is
illustrated in Figure C2 where typical curves are shown for two different types of flat-
plats co116ctors . Also shown are typical curves for some different types of commercially
available pyrometers [4, 5]. All of the curves hate been normalized to unity at 0°.

Two hypotheses are suggested by the data of Figure C2. First, below thd.rty or forty
degrees from the normal, all flat-plate collectors have very similar relative directional
responses; so it is the radiant power incident from beyond approximately forty degrees that
is the source of error in effective irYadfance measurements. Second, no commercially

available pyranometer,.nor any single type of pyranometer will by itself be able to accurately
determine the effective irradiance for different types of flat-plate collectors. ,

vx The limielbof the error that can arise from this efftct for flat-plate collectors will
" be estimated, It will be necessary to estimate the ratio.

frTE*(C414)0_90(5,,t) dt

R f t/E*(27T ,p,t) dt

for various different types of flat-plate collectors; whee E*(2,p,e) is tne contribution
to the effective irradiance that arises from directions contained irf S2. The ratios R for
different relative response functions in Figure C2 are critically dependent upon the tem-
poral and directionaladistribution of tne solar spectral radiance, so a cursory review of
this distributf,,n will be made prior to making some plausible estimates of its time average

' behavior.

09overcast days, the sky to a first approxim }on is of uniform radiance. However,
the significanl quantities of energy produced by r 'St flat-plate collectors will not occur
on these day due to the normally low values of insolation. Therefore for this analysis,
the considerations.arp restricted to days on which more'than half the .sky is cloud free.
The daily and yearly variation of sup position in the sky must be considered. Figure C3
is a projection (looking upward) of the hemisphere whose normal is perpendicular to the

,

averge surface of the earth at 31° latitude: On the projection are traced the paths cif
the sun at the summer solstice (lower curve), winter sols(ice (Upper curve), and the
equinoxes (middle curvet. Consider a flat-plate collector of fixed orientation with its
normal' toward the solar zenith at the equinoxes. The portion of the diagram betweeh the
dashed lines is the portion of the ,sky that is within forty degrees of the normal to the
collector. .Of the time that it is within ninety degrees to the normal of the collectog,
the sun spends about 45% of this time within forty degrees of the-normal to the collector.

. o ,

V Next the feet that some of the incident solar radiation comes from parts,of the sky
-other than the)sOlar-disc due to atmospheric scattering must be considered. Somewhere
bet/en ten and thirty percent of the incident solar ,energy on clean days will come from
regions of the sky other than the immediate neighborhood o4:-the solar disc [6]. If it is

I r
-

..- e v
. aThe curves

,

for the flat-plate collectors were obtained by calculating the transmittance
of a glass, plate as a fudetion of Tangle of incidence using the'Fresnel formulae [3]. 1

b
This ratio is rigorously applicable only fn the case of linear convertors, but is indi-,

,.-

cative of the magnitude of the problem for all systems.
.

,..

Accct:
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assumedthat this radiation is distributed Uniformly over the sky, then R can be estimated by.

[0.80 +0.10] IP(40°) + [0.2Q 0.10]-,t5(140°
(12)'

Ra [0.80 + 0.10] TP(0°) + [0.20. 0.103 IS(OP)

for each of the relativ-rq.ponse functions in Figure C2, where.
a

IP(6) = f
90° a(cse) &ose de
e

( 13 )

which is an estimate of the average quantity of solar energy that is incident -k.'6m.direCtions

between 8 and 90° to the surface of the collector due to variable location of the sun in the'

sky, and where '),14

IS(0) = P° (Cos0) cos° sine de -(14) -

a
which is an estimate of the average quantity of solar energy that is incident between e and

_
90° to the surface of the collector from parts of the sky.nOt near the solL disc'. The

'results of this analyks are summarized in Table Cl: - _

. ,

Two effects that tend to cmmpensate for one another have been ignored in obtaining°the

estimates in Table Cl. The first-of these is,.that at the higher angles of incidence the
direct solar irradiance is decreased beyond the effeCt predicted by the collection efficiency

of the surface (cos'ipe effect) due to the increased mass of atmosphere through whiCh the

radiation must pass., This would tend to reduce all of the percentages NOTkble 'Cl. On the

other hand, the effect of clouds has been neglected. TheirseffeC:ewould be to increase all

of,the percentages in Table Cl, and to increase the uncertainties significantly.
. .

-.. . .

Another rector that h'as been ignored in preparing Table Cl, is
.

the fact that the ab-

Sorptionand scattering coefficients.of the atmosphere vary signifiCantly" with wavelength. .

Since the solar radiation must pass through differing masses of atmosphere when the suq is

in different parts of the sky, the net. spectral attenuation varies with solar locations,
.

. _as well as 1.4-th meteorological conditions. Thus thespecqal 4istriba4ion of solar radiation

is subject to temporal variations that interact with the non=uniformities.ot (Slectral, i

response in some types of,cOilectors and pyranometers. For. the purposes of this sections

flat-plate 40iltermil collectors and thermopile,pyranometers can be considered to be spectrallycollectors ...,

non-selective. However, this is not the case with silicon cell pyranometers. For this type

of instrument the effect is shown in Figure 11 of [5], where the interaction of, the spectral

distribution of solar radiation with the spectral response of a silicon cell pyranometer . .

(sol-a-meter) has been investigated under clear sky conditions in phoenix, Arizonalin 1962.

This study showed small effectt of variation in spectral iNorise, the'conclusion eing
o, ,17,

.
",....With proper calibration and adequate attention. to the effeets caused by sol altitude,

,a temperature-compensated silicon-cell pyrheliometer can be' used with,confidence o measure

direct, total, and diffuSe solar radiationwith an accuracy of ,at least +3spercent."

Unfortunately, tpts conclusion is abased upon` sky conditiOns that are much cleaner, and less

humid'than prevail id much of the. U.S: Furthermore, .the sun is-udli higher in tladIsity on

the average in PhoeniOhan in most other parts of the U.S. Thua7thas conclusion cannot be

. extrapolated to the U:S. as a whole without further investigation.
.1-P' :

. . .

1
::"The purpose of-ftle Cl is to give all estimatelbf the' size of the errors thatcan be

.expected to occur in solar conversion radiometry due to different directional response'-

functions. The entries'irthe'tabIe,4hou/d by no means be considered as limits of error

but rather as guidingrestimates. When it ie'recalled that the useful power dutpat of t ,'',OW-:

convertor 3s generally, not proportional to the effective irradiance, that materials other'

tnan,glass might be used as the cover plate on flat-plate collectors, that the effect of

dirt films on the relative response has been ignored, as have theeffeCtapf clouds and,

spectral distribution, it is clear that the uncertainties in predicting theeusehl".Power
.

output from a solar convertor, given some effective irradiance measurements, could,be two or

three times.as large as the uncertainties sham in tlie table.

.
.

.:....,-,...,
, _ _ - _,..... ... .. .

.:.-

.. - . ,.. .

a,
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.

.'- of the radiqiafthat i ta.be,measured.and how it i. ' 'lie weigheed sloe rally and direc-

Up to now consider tion has been given to soulceg rar that ail:Ise from:the'nature

tionally. One must additional r- consider the so.urceeof error that skociated with t
s

instruments
, .

instruments bhst will be used for the measurements. There .
tOi. V 1. gnmt oarthe instrumentsrumets\

alit n /

f .40
!

2. stability.tif the instrument's calibration .. .- 9
3. changes in,the instrument's' response dale to %Is,

.

variations. in ambient temperature '

,-,,A 4. non-linearity in the instrument's" response .

,
et , ,

Latimer,(4] has estimated the errors. in the calibration of p snomt,tirs.!5' r meteorological
. applications for the latter three effects: The root mean-sum he0sq ;es of these"

estimates ranges from 2.1% to 3% for the pyranometerS he zonsidbte .01, timer ha$ also
stimatedthe errors arising from the 'temporal variations in the direct oval distribution

of the solar radiutTon. However, all of his. estimates arc based upon measurements of the
total solar irrradience, 'rather than the effectivedrradiince of a OrticUlan solar convertor.
The errols arising from tbe4tempoal variations in the solar ragilneedift'eributfon Would
tend to be larger fdrsmeasurements of7ffective.than for measurem4nts of total irradiance. -

IA compaficon of the estimates here (Table Cl) with those of Latikle show them to be of
comparable magnitude; However, it is important to realize thatvh.R. estimates are considel-ably

soldsol than ours. Measurements of effective irradiance\must accolint'for a response
function that varies from collector to collector and that is not p/4esent 'in total irradiance
measurements. Measurements of the maximum efficien!y of a colldCtor musfiaccount for Nstible

..' variations of this quantity with the effective irradiance. Thl% also is not h factor in
0

total irradiance measurements. The inpact ,of a less solid unce*ainty 'fi,gure, will be
addressed in the following sedtio

.. .

, a.

%

-7.,'One,final problem that is much more severe with gftective*irfsplance measurements than
with4otal, irladiance measurements is the first source of error ;Nted'b.bove,alignment. .

Generally in total irradiance mellsurements the pyranometer.is-to beZriented parallel, with
the average )Unt'ace yf the'earth atthe location.in qiiestion. This,is easiirachieved with
the spirit level that is generally affixed to the instrument, provided that thevel has
been set barallelIto the pyranometer receiver. However, in the eastof effective irradiance
mea.,-ement' for flat-plate collectors, it will 'be necessary to accurately align the plane cof
the receir with the plane of the collector ,, This could vncei.Trably present 'some pra4i(al

,, problems.
. .

- '. . .

A final source of error that must at least be ment4oned is miscalibration, Error of
this nature can arise either from human mistakes, or firr'l calibration on different sAles.
As an example of the former, consider the possibility of making.iriediance 7asurements., ' .

With comerciaily available laser power meters. Some of thee instrUmergts have nominalkl cm ,

aperture areas, and ao4id be suitable fb irradiance measurements.. This is true, only, if all

c) the flux that passes through the apertul'e is incident an the active area oftlieseceiver,
and only. if the area of the receiver is known', It is importanlIks avoid' the_temptation to
repo* an irradiance of X watts/cm where a2power X watts, has EMIR measured unless independent
Measurements. yield an aperture area of 1.cm . C4 1- .

.
.

6

With referene to calibrations of difference scales, the'U.S has signed the "Treaty -of--
the- Metre" and therety has agreed to repot measurements '..f power in the ;apPrbP4ate-,Si unit,
the watt. The U.G. has also zigned%the treaty setting up the World MeteorologiCal Organization
which.haS recommended that all measurements of radiant power fortMeteorological.,applicqions 1

be reported on the International Pyrheliometric Sca1e21956, whose units are called W /cm .

. However2'it as been shown (7] that-the IPS1956 W/cm is about two percent lower than the
SI W/em . Moreover, it can' be argued [8] that the fPS 1956 is not predndlyodefined at all
,andtherefore.is really meapingless.

)
i,

e.
.

-
4,
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RECOMMENDED MEASUREMENT PROCEDURES

S.

in this section some recommended measurement procedures will be described and he um-

certainties associated with them given. .he procedures will be described starting rom the

primary calibration.. It should not be ,asumed that-all parts of theprOcedure must be

carried out at)the same time or even by the 'eme persodnel or organizations. These -

decisions involve f.roade-offs that cannot be Lnticipated at this time. Also, some of the

procedures involve equipment that is" not orpalabae commercially. Clearly; such instruments

would have to be developed and their comme-cial'exploitation be encouraged and/or subsidized

before all these procedures could be,:adopted.

Tie procedures that will be described as 'follows;

1. Characteription of spectrally non-selective focusing converters,

2. Characterization of spectrally non-selective flat-plate converters

- .

The primary instrument for the two procedures is an electrically calibrated pyrhelipmeter

A pf modern design. Such an instrument is'an radiometer that measures the irradiance from a

small (3 degree half angle) solid angle about the sun. The principal of operation is the

alternate comparison of the temperature rise in the instruments' receiver due to radiant

heating with that due-to electrical heating by a measured quantity of electrical power,.

Errors arising from, variation in the-instruments' responsivity due to non-linearity and

changes in.ambientIemperatures are eliminated. Also eliminated are pl-Oblemawith calibration

againSt'standard aources'of radiation such as'blackbodiesor lamps which were in turn cali-

brated against a blackbody. There is considerable evidence.that these instruments are

capable of producing measurements of the total irradiance frbm a small solid angle about the

sun Ari-teerrors of less than 0.5 percent of-the measured value. A'definittfve.statement on

this question will be available shortly. There are at least two different types'of this

instrument that are presently available from commercial sources.

1. Characterization of Spectrally Non- Selec.ive Focring Converters

Procedre 1.1 4,,

In this procedure, the simplest to be'descilbed, the irraAiance from the sky in a small

region ground the solar disc is measured with an electrically calibrated pyrheliometer of

modern desiAiftbat has a scloinally 5 degree find of view. Only two sources of error are

significant in this proceddTe. They are the possibility that the pyrheliometer weights

i the radiation from the circumsolar sky differently than'does the focusing converter, and

the validity of the d6umption of Spectral, ,non-selectivity.

1

:
.

Ir the pyrheliometer weghts,the radiatiOn from the circumsolar sky more heavily than.

' .36es the converter,;00en the first effect cannot produce crrors,lar than a fey percent

on days that are *11.,frial4 enough for focusing systems to be operati . If this is not the,

case, a detailed-comparison of the exact weighting of the circum lar radiation by the,'

converter and the pireliometer must be undertaken. It may als be desirable to adopt
I

Procedure 1.2. ,

.-

.-
If the spectral response oft the conv!,:rter is known o be flat to within -I- X percent

between 0:1p m and 2.5 p m, then -I: X percAt 15-,a very c.- lervative limit':'on the error

that could be introduced by this assumption. ,Tighter limit &I this error could betProduced

by calculating the change in effective irradi-ance .due to cha ges 41 spect* distribution`-

, .ofthe4rtidiatiOn from the solar disc. It should be'emphasi d that knowledgeof 'the spectral

i-esporise of the convgaat that is accurate enoughrOl. this . rocedure is probably available
4,,

only, for systems that are relatively spectrally non -'sele ive over the 0.3 V. m to 2.5'11 m

'wavelength range, that-is systems with black absorbers d. simple optics entirely of glass

.:.1.40T quFtz. "T this tist_ ng,the case, a more elaborate rocedure should be adopted.
-

,..1

,Simultaneous measurement3of the .Cffectiv adiance E* and the useful 0
power output P'

allow the maxim efficiancy t0 E49' to be Bete ned as a functiOn ofd *. . .
-

.

.
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Procedure 1.2

.11

%'""' ` "

.
This procedure is.identical to the preceding'one, except that the4geametry of the view

,limiting aperture of the pyrheliometeg is modified so that the radiation from the circumsoia .

is.y is weltghted identically by the focusing convdrter and the pyrheliometer. .With this
procedure, measurements of the effective irradiance of spectrally non-selective, fapusing
'converters with uncertainties approaching + 0.5 percent skould be achievable. The effect
of imperfect ,spectral non-selectivity is identical to, that described under Procedure 1.1.

, of 1 "....6....

.... rrocedu/e 1.3 .
- .-

.-..

This procedure involves use of a solar simulator to'characterize a focusing converter.
It is recommended because the detailed source geometry will,differ radically fromthat of
the soiar:disc*and'9irCumsolar sky, and might introduce uncertainties that are difficult

tto quantify.
.

- *

. Cdmment's
,.' .. u .4*

4

P
4

e .. ,
In the first two proceldbres, ft has been assumed that the pyrheliometer is precisely

,...- Naimed

at

the solar 'disc. .Althis is not. the case, errors that. are difficult to quantify
(iri the general case, specific examplescan.be handled readily) will be incurred. Precise
aiming can -be achieved, by simple kecillanical means, and precise aiming has already been in-
corporated into the focussing converter.. Therefore, it is recommended that procedures and
mechanics be adopted that reduce the uncertainty due to this source of error to a level
significantly below the uncertainties thutarise-fromthe assumption cif spectraloon-seLec-

-..tivityand the effect.qf the circumSolar sky. ,
,

.

2.... Characterization of Spectially Von-Selective Flat -Plate Converters
I.:, ,,........

.

.- The primary instrument for these procedures is the same as above, an electrIcally call-
brated pyrheliometer d modern design. However, in the following procedures, the pyrheliometer*

will not be_used to charqterize a flat-plate collehor,'but rather to calibrate another -

type of instrument that can more closely follow the directional response of the convertem,

Pyranometers are commercially avai.lable instruments that more closely follow the direc-
tional response of flat-plate converters than ao pyrEeliometers. Their design goal is a
relative directional response that is independent of diriection and sAollection efficiency
oT,a plane surface (cos0, where 0 is the angle of incidence relative to some reference
direction). It is commoniSF assumed in measurements Of total solar irradiance with tills.
instrument that errors of less than 5 percipt can be achieved if great care'is takedr. /

c
' ""'There are other types of instruments that would be of more use tosolar conversion

radiometry than are-pyranometers. pr.instance,_alpyranometer-like instrument whose.tela-,
tive diiTctional response could be-changed to simulate the relatiVe response of vard.ous
common "Opes of Slat -plate collectors would beeful. Another,typeof potentially useful

-device would be a pyranoMeter-like'instrument whos field of view could be adjusted.,, From
Mire C32 it is concluded. that Useful fields of view might be 0° to 40°, 40 to 60°-60° to ,

-

70.p, and -(0° to 80° about the normal to the instrument= Actually both of these requirements
Auld be satiskied by a single instrument.' A conceptual'diagram'is shown in Figure C4.

`4.
No,4ce that this instrument has .flat windows rather than the domedylidndow of the con-

,

ventional pyranometer. Thy windows ax44renlovable so that single window and-double window
collecto?s with other wfndow,Materis el..well as glass couldibe chargeterized, The removable

'top plate limits theyinstrumento f'ield,of vrelij For the instrument shown in the figure, .
the field of view:lanominally 701 to Mr about the normal", but the finite size .01.,,Abo- - I

receiver. degrades the direttional response functi.P n from the ideal. A smalierreceiver would
improve this Situation. Another useful featurb'would be electrioll calibration. Thts would . '.

not elipinate the requirement for calibration with an electrically calibrated pyrheliometer,
since the effect Of the windows

*
would still need to be determined. It would however elim;lbinate . , -

-

-. - `4** '

`
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6 errors arising from non-proportional response,ftem4erature coefficient of response, and
\

,variations of response with orientation:- Such an instrument could be called an electrically,

calibrated. hat7plaie pyranometer. -s.._, --
. ,a.

Prior.to discussing the.characterizationfprocedures, the way in which one4ormdre
conventional or flat-plate pyranometers could be'calbrated will be described.

Pyranometer Calibration Procedure 1

The pyranometers are ca*ibrated following the procedure of Latimer [V] using the suns' c

,sky" .an occulting -disc as the source of radiation, and an electrically calibraedpyrheln=----
.

meter of moderndesiga to measure the irradiance from a small plid 'angle abodi the.sun.

It is recommended that the pyrheliometer r:eadout;be in SI W/cm rather than in IPS 1956 W/cm
2
:

Latimer's estimates of the accuracy ghb-Ulete_valid.

Pyranometer- Procedure 2

. r).
The pyranometers are calibrated with a solar simulator that uses a well filtered zenon

i arc as a, source of radiation, and an electricallyicalibrated pyrheliometer of modern_lesign

to measure the irradiance from the-.solar simultaor: Care must be taken to assure that the

field of:view of the pyrheliometer is larger than the angular extent of the radiation from
the kmulator, and that interreflectiois off of lwallspeople,'7tc. do not 11Xerfere with-

the measurement. Re4ommended prdct'ces for using solar simulators are availdble. This .

proceNlre has the poteritial to p,foduce more accuFife results 41Lan thepreceding procedure
due-to the fact that much greater control of the experimental parameters is available:.
However, a considerable amount of careful work must be perfoxmed before this potential can

be realized. . . _ -
# 4

. f .A
'Characterization Procedure 2.1 '

. 1,

1.. Choose the ost linear conv(444-iondl_pyranometer with the smallest temperature

coefficient a enable.' . .

2. Calibrate it or have it calibrated fol1572hg the procedures above.

3. Care fully orient the pyranometer so that its receiver is parallel to the surface

.or the collector, being sure that nothing obstructs tM field of view,of either

the collector or the pyranometerIII:the collector is mounted in aUcation wh*e
a wall of tower or 'any other iermarient obOect obstructs its field of views'the

objec't must be considered a4part of the converter that modifies its directional

response). .

4. Use the measured 4alues of irradiance to estimate the effective irradianCe of the'

collector. ,

/ 0
. . .W

This procedure is probably insufficient because of large time dependent errors that are
.

difficult to quantifya. .

, Procedure 2.2 '
.

, ..
.

.

,

., '

Steps 1, 2,fand,3 are identiciAto the steps in:Procedure 2.1. Step 4 above should be

replaced with the fbilowing: C4clkate the effective irraaishce from measured values of .

-, the total irradiance on the colpcto.r and theoretical values of the directional response

,. of the collectgr using astronomical and meteorolOgicAl data to model the time dependehce

o1 the radiance distribution of the sky as in the previous major seCtiOrk of this Appendix . * -.

.
. .:

There are four major sources of error affecting this procekure. First, the astronomical

and meteorological model Of-the time dependent.Aaaiance distflbution of the sky may be fallty.

It is difficult to estimate limits'of the error that could arise from this source. - Second,

the theoretical values of the directional response of the collector may be in error due to

t .

,

aThis is the ptocedure,that has been adopted in the current version Of$the collector test
,.

prodedure. .
%--

t'Perhaps even Moie-Sophistic'ated meteurologicai techniques should be used%
./'

1
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unknown factors affecting the materials or construction of the device. It is also diffiAlt
toestimate limits of the error that could arise from this source. Third, measurements of',
total irradiance with pyranometers are typically subject to error's at the * 5 pet-cent level.
Fourth, any dependence of the maximum cdnversion efficiency as afunction of the effective
irradiance 8(E*) upon E* would Anteract,in an unpredictable way with the errors arising
from the first three sources to produce more error.

I

It, is very$Aifficult tdwobtain reliable uncertainties for this procedure. Twenty-to
forty percent des not seen pessimistic, yet the actUnl error could be well below these
limits. Only careful investigations of a rather substantial nature could produce reliable

_uncertainties!'

. Procedure 2.3

1. Choose arielectrically.calibrated flat-plate pyranometet with thename type of.
windows as the flat-plate collector that is to be characterized."

2. Calibrate tIO pyranometer or haue Lt calibrate& following the procedures given
previously.

This step is identical to step.3 of Procedure 2.1.
4. Use tfle"measured values of the effective irradiance of the pyranometer,as estimates

of the effective ,1%-radiance of the collector.

This is somewhat of a half-way measure. It does eliminate the first and third source.
of error affecting Procedure 2.2, bit thesecond and fourth errors are still present.

1KReliable uncertainties are still difficult to obtain.

<4

44* °
Procedure 2,.'4.. :

,
4I.

f.1.1 .
1. Choose four el, rically calibrated flat-plate pyranometers with the same type of

.windows as the-flatrplate.collector that is to be calibrated.
.

2. Calibrate each of the pyranometers or have them calibrated following the procedures
given previously. Try to get some data for near noemal incldence. This mayrequire
tilting he pyranometer at an accurately measured angle toward the sun. Verify ;
that all four instruments-have identical directional response. -

. ... -

3. Affix a-0° to 40°, 40° to 60°, 60° to 70°,_and 70° to-80° view limiting aperture
1

to the four pyranometers, respectively.
4. This, procedure is identical to step'3 of Procedure 2.1. ,

5. Fit the measured values of useful output power P
o

from the pOlar converter to the,
equation ....

e

..

4

Po = E A E
0 . i=l i

v

where f(xi--is a low power poly9omial or other function that is appropriate for
describing/the non-linear betrior of the converter, where Ei* is the effective
irradiance measured"by the i instrument, and wheretA

i
are unknown copstantS.to-.

1be 'determined by the fitting procedure.

If all A
i
'are identical, then the.directional "response of the converter is identical

to that of the pyranometers, any one of 4hich may than be used Itemeasure the effective
irradiance of the converter with its view limiting aperture removed following Procedure 2.3.-.
If the A4 are significthitly but not drastically different, the directional response of the
`convertePcan be approximated by a smooth curve drawn, through the points,

(5°, R(1)1);-
w 4

(50°,'A2 R(cos50°)/q,

R(cos65°)/A1),

and' (75°,:i4R(co75°)/A1)

248-7- .
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where Pecos()) is the relative response function of the flat-plate pyranometer obtained from
step 2. If the A4 are drastic ly different, deterthine the cause of the difference in red's-
tioie response betOeen the flat- late collector and pyrsinometers, and appropriately modify
the pyranometers (adding or changing a window for instance). Repeat Procedure 2.4.with the

.,.., . .

Modified pyranometers.

This procedure eliminates or at least drastically reduces all of the errors present
s with Procedure 2:2. Uncertaintigs considerably smaller than + 5 percent should be obtainable.

That t4s,procedure should produce effective irradiance data of higher. accuracy than that
of the atat irradiance data obtained ,from pyranomters should not be surprising., The pro-
cedure is based on electrically calibrated instruments which eliminate two of the largest
sources of error in pyranometers (variations of responsivity with ambient temperature, and
non-proportional responst): A number of instruments with limited fields of view have been
used to decrease the effect of the third large source of error. Furthermore, power available
spear grai4incidence is less heavily teighted in the effective. irradiance than 'in the
'total irraAnce.

a
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CONCLUS.,ONS AND RECOMMENDATIONS

It isipremature to describe procedures for measuring the effective irradiance of spec-
trally selective converters. Further study must be done to determine whether effective

.1.rradiange is indeed the concept to be used.

At (nvestigation of the uncertainty associated with Procedure 2.2 should be undertakIn

by NOAA and/or supported by :RDA. It would consist of a comparison of the effective irradiance,
osome flit -plate pyranometers as measured by Procedure 2.3 and as calculated -from Pro- *
cedure 2.2 using the measured relative directional response of,the pyranometer obtained'in

Procedure 2.3. The flat-plate pgranometers would be chosen, to simulate the relative direc-
tional response of typical flat-plate converters, and the theoretical and measured relative
directional responses of the pyranometer could be compared. The result would be reliable

uncertainties fdr the first three sources of error affecting Procedure 2.2. If these

uncertainties were sati6factorily small, Procedure could be,adopted as a standard pro-

cedure. Ir'nq, the commercial development of tne flat - plate converters c,uld be encouraged,

and Procedure louid b* adopted depending upon how accurately the theoretical

response f fat2p!ate pyranometers matched their measured response.

0
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TABLE Cl

,

Egtimates of the percent contribution from directions
.greater than 40° to the collector normal divided by the
time averaged effective.i.rradiance for collectors with
different directional response fynctions, expressed as

percent.

TYPE OF RESPONSE FUNCTION
a 6,

Pyranometera

Flat-Pldte Collector

Sol-a-Meter

sL

4,

,11

r

- .

aresponse function W37ot Fig & Cl was not used in this calculation,

Rar(25

38 + 2-

28 + 4

27 + 1-

13
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n.

The surface S contains the pin p, the normal to S atp n,

and .the solid angle Q sutrqunds the direction m whickipakes an

angle 8 with n. The flux is assumed to be ' flowing in the

opposite direction of m. ,

4 Ww

I

The Geometry for the'llefinition of ,Spectral Radiance;
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Upper Curve - winter solstice

Middle curve - ecminoxes

Lower curve - summer solstice

Figure C3. The Projection of the Path of the.Sun throtigh a
Hemisphere Whose Polar Axis is Perpendicular eo
the Surface of 'the Earth at a Latitude of 370.
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